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The conversion of radioactive inorganic iodine to radiothyroxine and 
radiodiiodotyrosine by excised surviving thyroid tissue is demonstrated 
here. Thyroid tissue removed from sheep, dogs, and rats was sliced and 
added to a bicarbonate-Ringer’s solution containing approximately 0.1 7 
of I" per ec. A tracer amount of I'*! was added to this solution. The 
presence of newly formed radiothyroxine and radiodiiodotyrosine was 
established by removal of radioactive contaminants with a dilution or 
“washing out” procedure during recrystallization of the radioactive com- 
pounds to constant specific activity. 

Thyroid Slices of Sheep, Dog, and Rat--The formation of diiodotyrosine 
and thyroxine by thyroid tissue obtained from sheep, dog, and rat is shown 
in Table I. The thyroids of sheep and dog were sliced, whereas in the rat 
the gland was excised in toto and halved with a razor blade. At the end 
of 2 hours 31 to 37 per cent of the I'*' contained in the Ringer’s solution was 
converted to diiodotyrosine by sheep glands. In the same time excised 
dog thyroids showed a conversion of 21 to 24 per cent. A surprisingly 
large amount of I'*' was found in the form of diiodotyrosine at the end of 
3 hours in the bath containing rat thyroids: 60 to 71 per cent of the radio- 
iodide was converted to diiodotyrosine in 3 hours by 320 to 360 mg. of rat 
thyroid tissue. 

In 2 hours sheep thyroids converted 5 to 6 per cent of the Ringer’s I'*! 
to thyroxine. Somewhat less was found in the vessels containing 110 to 
140 mg. of dog thyroid tissue for the same time. The most pronounced 
conversion of iodide to thyroxine occurred in the experiment with rat 
thyroid. The flasks in which 320 to 360 mg. of rat thyroid were incubated 
for 3 hours contained as much as 12 per cent of the I"! added to the Ringer’s 
medium in the form of thyroxine. 

Identification of Newly Formed Diiodotyrosine and Thyroxine—Although 
only two iodine-containing compounds, namely diiodotyrosine and thy- 
roxine, have so far been identified in animal tissues, nevertheless the pos- 
sible presence of other iodinated compounds in animal tissues must be 
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considered. Two such compounds are particularly worthy of mention. 
Diiodothyronine has not been isolated from animal tissues, but if present 
would be found mainly in the diiodotyrosine fraction in the procedure used 
in the present investigation (1). Monoiodotyrosine has recently been 
isolated by Ludwig and von Mutzenbecher from iodinated casein (2); if 
present in the animal body, this substance would probably follow the 
diiodotyrosine fraction. In view of these considerations, the actual pres- 
ence of radiothyroxine and radiodiiodotyrosine was established as follows: 

0.5 gm. of sheep thyroid slices was incubated for 2.5 hours in 5 ce. of a 
bicarbonate-Ringer’s solution containing tracer amounts of radioiodide. 
After the addition of 6 cc. of 3.5 N NaOH, the mixture was hydrolyzed on 


TaBie [ 
Thyroxine and Diiodotyrosine Formation by Thyroid Slices in Vitro 


. P _ Thyroid Velune of : Per cent of Ringer’s I'*' recovered as 
Brogriment | Animal | twas added | “Ginger. | Incubation 
solution* solution Thyroxine —_ Inorganic 
me ce hrs 
5D Sheep 126 2 2 5.0 33.7 61.3 
56 oi 112 2 2 5.1 37.1 57.8 
59 ° 120 2 2 5.7 33.3 61.0 
60 - 121 2 2 4.9 30.8 64.3 
57 Dog 114 2 2 3.4 23.7 72.9 
58 = 137 2 2 3.6 20.8 75.6 
61 - 138 2 2 3.0 21.3 75.7 
62 ~ 133 2 2 3.0 21.9 75.1 
SO Ratt 316 3 3 10.3 71.4 18.3 
89 ™ 321 3 3 8.4 60.0 31.6 
90 7 362 3 3 11.7 70.8 17.5 


* The bicarbonate-Ringer’s solution used contained approximately 0.1 y of I. 
t Whole glands were halved; glands pooled from ten rats in each experiment 
(Nos. 80, 89, 90). 


a steam bath for 8 hours. After cooling, the hydrolysate was acidified 
with concentrated HCl. 2 cc. of 0.02 m KI were added as carrier, and the 
I, produced by oxidizing with 1 cc. of 0.02 m KIO; extracted with CCk. 
The aqueous layer containing the organically bound iodine was made to 
contain 20 per cent technical NaOH by adding 6 gm. of the solid material. 
A single extraction with 30 cc. of butyl aleohol was then made, and the 
butyl alcohol fraction evaporated to dryness under reduced pressure. 
20 mg. of non-radioactive crystalline thyroxine were added to the butyl 
aleohol residue, and the mixture taken up in hot 0.10 N K.COs;. The 
thyroxine was recrystallized by way of the potassium salt, as described by 
von Mutzenbecher (3). The alkaline aqueous fraction (aqueous layer 








Cerra & 













>_> a - air 


M. E. MORTON AND I. L. CHAIKOFF 3 


after the first butyl alcohol extraction) was acidified to pH 3.5 to 4.0 with 
HCl. Six extractions with 20 cc. portions of butyl aleohol were made. 
The butyl alcohol layers were combined and then evaporated to dryness 
under reduced pressure. 20 mg. of non-radioactive crystalline diiodo- 
tyrosine were added to the residue (obtained after the evaporation of the 
butyl aleohol) and the mixture taken up in hot 70 per cent ethyl alcohol. 
The thyroxine and the diiodotyrosine were each recrystallized five times 
further, the thyroxine as the potassium salt and the diiodotyrosine from 
70 per cent ethyl alcohol. In each recrystallization of thyroxine 5 mg. of 
non-radioactive diiodotyrosine were added in order to “wash out” any 
contaminating radiodiiodotyrosine by dilution. In the case of the diiodo- 
tyrosine recrystallizations, 5 mg. of non-radioactive thyroxine were added 
to “wash out” contaminating radiothyroxine. After each recrystalliza- 
tion the respective specific activities of the thyroxine and diiodotyrosine 


: TaB_e II 
Recrystallization of Thyroxine and Diiodotyrosine to Constant Specific Activity 


The radioactivity is measured in counts per minute. 


Thyroxine Diiodotyrosine 
Recrystalli " , = 

atio . . : . . | ii 
ae Coating.” | Radioactivity | SP | Coetding.” | Radioactivity | — SPavity 
Ist 64 100 1.56 264 2800 10.6 
2nd 352 450 1.28 157 2200 14.0 
3rd 390 522 1.34 410 5660 13.8 
4th 423 530 1.25 362 5140 14.2 
5th 673 875 1.30 125 1730 13.8 


were determined and expressed in terms of radioactivity per unit reading 
of a Klett-Summerson photoelectric colorimeter (Table IT). 

The Kendall-Osterberg HNO, color reaction (4) was found to give a 
means of determining quantitatively the pure thyroxine and diiodotyrosine 
obtained by recrystallization. The basis for this method is the color 
reaction obtained when an alcoholic solution of an o-hydroxydiiodo deriva- 
tive of benzene is made alkaline with NH; after treatment with HNO». 

Quantitative results with the Kendall-Osterberg reaction were obtained 
when care was taken to use only pure thyroxine and diiodotyrosine. Im- 
purities such as sulfate, acetate, ete., were found to cause the appearance of 
an orange color of variable intensity. For this reason the thyroxine was 
‘arefully precipitated as the potassium salt from a carbonate solution and 
the diiodotyrosine was precipitated from 70 per cent ethyl alcohol. After 
‘ach recrystallization 2 to 3 mg. of the pure crystalline compound were 
dissolved in 5 ec. of 95 per cent ethyl alcohol in a small test-tube. To this 
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solution 0.2 ec. of 6 N HCI was added and this was followed by the addition 
of 0.5 ce. of a freshly prepared | per cent NaNQz solution. A yellow color 
appeared that deepened by heating the solution just to the boiling point 
in a hot water bath. The solution was then cooled and 0.5 cc. of concen- 
trated NH; added. The resultant color was a deep pink. Variable 
aliquots of this solution were chosen according to the color intensity and 
amount of radioactivity present. To determine the color intensity the 
aliquot was transferred to a colorimeter tube and diluted accurately to the 
5 ec. mark with 95 per cent ethyl alcohol. The color was found to remain 
constant with time and no tests were carried out at temperatures other 
than those of the laboratory. Colorimeter readings were found to be 
directly proportional to the amount of pure thyroxine or pure diiodo- 
tyrosine present. 

Determinations of the radioactivity of the crystalline diiodotyrosine and 
thyroxine were made as described below by transferring an aliquot directly 
to a copper-foil disk and counting its activity on the Geiger-Miiller counter. 
The radioactivity of all samples was counted at the same time, thus 
eliminating the necessity for corrections of radioactive decay. Specific 
activity was then expressed by dividing the counts of radioactivity per 
minute by the colorimeter reading obtained for the aliquot. Each deter- 
mination was made in duplicate and the average values are recorded 
in Table II. 

The results recorded in Table IIT show that a constant amount of radio- 
activity remains associated with each compound despite repeated recrys- 
tallizations. The specific activities' for both thyroxine and diiodotyrosine 
do not change significantly after the second recrystallization. This should 
be expected to oecur only in a case in which the substance giving the radio- 
activity was identical with the material that underwent repeated recrys- 
tallizations. If two substances were involved, one being adsorbed on the 
other, it is hardly likely that a constant specific activity could be main- 
tained by repeated recrystallizations that were accompanied by the ‘“‘wash- 
ing out” procedure. When radioiodide or radiodiiodotyrosine was added to 
non-radioactive crystalline thyroxine, only two recrystallizations of the 
latter were found necessary to remove the radioactive substances from the 
thyroxine completely. A similar result was obtained when radioiodide or 
radiothyroxine was added to non-radioactive diiodotyrosine and recrys- 
tallizations of the latter carried out; no radioactivity was found associated 
with the crystalline diiodotyrosine after its second recrystallization. These 
results strongly suggest the presence of newly formed thyroxine and diiodo- 

1 Since the colorimeter reading is proportional to the amount of thyroxine or 


diiodotyrosine, specific activity was measured by the ratio of the radioactivity to 
the colorimeter reading. 
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tyrosine, for the I'*' of the thyroxine-like fraction cannot be due to con- 
tamination with either radiodiiodotyrosine or radioiodide, and the I" of 
the diiodotyrosine-like fraction cannot be ascribed to contamination with 
radiothyroxine or radioiodide. 

Thyroxine and Ditodotyrosine Formation As a Function of Time—In the 
experiments recorded in Table III, slices were prepared from the thyroid 
glands of two dogs. An amount of slices varying from 48 to 70 mg. was 
incubated in 2 ec. of a bicarbonate-Ringer’s solution to which had been 
added a tracer amount of I'*"'. Zero intervals refer to experiments in which 
thyroid slices were hydrolyzed immediately after the addition of the radio- 
iodide. The reliability of the fractionation procedure is shown by the 


TaBLe III 


Effect of Time on Amount of Ringer’s I™ Converted to Thyroxine and Diiodotyrosine 
by Slices of Dog Thyroid Gland 


Per cent of Ringer’s I'*! recovered as 


Duration of Thyroid tissue 
incubation added* . REET GREE Gen Sema 
Thyroxine Diiodotyrosine Inorganic 

Ars. mg. 
0 66 0.7 1.4 97.7 
0 61 0.6 0.8 98.9 
1.5 51 1.7 6.9 91.5 
1.5 64 2.0 6.7 | 91.5 
3.0 57 3.8 21.3 75.2 
3.0 48 4.3 21.2 74.5 
4.5 70 4.8 30.6 64.6 
4.5 54 4.6 29.9 65.6 


* Each flask contained 2.0 cc. of bicarbonate-Ringer’s solution. 


distribution of the radioiodide among the three fractions at this time 
interval. 

A sharp increase in the radiodiiodotyrosine formed was observed between 
1.5 and 3 hours. Between these two intervals, the I" content of the 
diiodotyrosine rose from 7 to 21 per cent. The radiothyroxine during this 
time rose from about 2 to 4 per cent. During the next 1.5 hours (7.e. from 
3 to 4.5 hours, in Table III) the increased incorporation of the I" into 
diiodotyrosine and thyroxine was less pronounced than during the pre- 
ceding 1.5 hours. 

Réle of Tissue Organization in Formation of Radioditodotyrosine and 
Radiothyroxine—In Table IV, the radiothyroxine and radiodiiodotyrosine 
formed in the presence of the following thyroid preparations were com- 
pared: sliced, minced, mortar-ground, and homogenized. In the first four 
experiments carried out with sheep thyroids, slices were prepared from 
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several glands and these slices pooled. In Experiment 1, slices were 
chosen at random and incubated in the bicarbonate-Ringer’s solution 
containing I. In Experiments 2 to 4, randomly chosen slices were either 
minced with a razor blade on a glass plate or ground in an agate mortar, 
or homogenized. In Experiment 5 the thyroid glands of ten rats were 
homogenized in an all-glass apparatus described by Potter and Elve- 
hjem (5), and treated in a manner similar to that of Experiment 4. 

A progressive decrease in the radiothyroxine and radiodiiodotyrosine 
formed was observed in the order in which the preparations are listed. 
Thus from three-fifths to two-thirds of the I'*' organically bound by slices 
was so bound in the case of minced tissue. A further decrease in the con- 


TaBie IV 
Effect of Tissue Intactness on In Vitro Formation of Thyroxine and Diiodotyrosine 


Per cent of Ringer’s I"! 


Experi Tissue = Time recovered as 
ment Animal added* Treatment of tissue incu- 
No. bated Thy- |Diiodo- Inor- 
roxine | tyrosine ganic 
me. Ars. 

l Sheep 305 | Slices 2 7.3 | 57.3 35.4 
l - 303 = 2 6.8 | 50.9 | 42.3 
2 se 300 Mince 0 0.72 1.07; 98.7 
2 . 300 . 2 4.1 33.7 | 62.2 
2 se 300 - 2 3.9 32.2 | 63.9 
3 “ 300 Mortar-ground (agate) 0 0.54!) 0 63 98.8 
3 “ 300 “ “ 2 2.9 | 21.0) 75.9 
3 a 300 “ “ 2 (2.9 | 25.6 | 71.6 
“ 300 Homogenized in stainless steel 2 0.73 3.8 96.0 
4 mn 300 - 2s - ” 2 0.79 | 0.61) 98.5 
5 Rat 331 - “ glass 3 1.1 | 5.5 | 93.4 


* Each flask contained 3.0 cc. of bicarbonate-Ringer’s solution. 


version of I'*' to the two organic forms was noted in the sheep thyroid 
tissue ground in a mortar. No formation of radiothyroxine was observed 
in homogenized sheep or rat thyroid tissue, and very small amounts of I'*! 
were converted to radiodiiodotyrosine by thyroid tissue so treated. 
Comment— Although the specific activities of the iodine compounds in 
the Ringer’s solution and in the tissue were not measured and hence the 
actual amounts of newly formed diiodotyrosine and thyroxine cannot be 
calculated, it is nevertheless possible to give minimum values based on the 
known amounts of I'?? added to the bicarbonate-Ringer’s solution. Ap- 
proximately 0.1 y of I'®’ as iodide per ec. is contained in the bicarbonate- 
Ringer’s solution. This means that in the rat data shown in Table I 
approximately 0.3 y of I'®’ is labeled. Therefore at the end of 3 hours 
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approximately 10 per cent of 0.3 or 0.03 y of I'*’ in the Ringer’s solution 
has been incorporated into thyroxine. By a similar calculation it can be 
shown that 70 per cent of 0.3 y or 0.2 y of I'*7 has been incorporated into 
diiodotyrosine. These are minimum values; if the iodine of the tissue 
(iodide or organically bound) contributes to the amounts labeled, then the 
specific activities of these compounds would be lowered, and the values 
shown in Table I would then represent larger absolute amounts of thyroxine 
and diiodotyrosine. 

It is not possible at present to make a distinction as to whether iodinated 
molecules such as diiodotyrosine and thyroxine, or whether uniodinated 
molecules such as tyrosine and thyronine, react with the labeled iodide 
added to the bath. It is important to note, however, that no I'*' was 
incorporated into thyroxine or into diiodotyrosine when 50 mg. of desic- 
cated thyroid tissue were incubated for 4 hours in 2 ec. of bicarbonate- 
Ringer’s solution under conditions identical with those described above 
for the slice. Nor was the incorporation observed when the organization 
of the slice was disrupted by homogenization (Table IV). 


EXPERIMENTAL 

The sheep from which thyroid glands were obtained weighed approxi- 
mately 30 kilos. The glands were removed at the abattoir soon after the 
animals were killed, immediately packed in ice, and brought to the labo- 
ratory. After the glands were dissected free from extraneous tissue, they 
were sliced with a razor blade and the slices transferred to a Petri dish con- 
taining a bicarbonate-Ringer’s solution. Slices were then carefully selected 
for uniformity and thickness (approximately 0.2 mm.), blotted on filter 
paper, weighed quickly, and transferred to a 25 cc. Erlenmeyer flask con- 
taining a bicarbonate-Ringer’s solution made up with reagent grade mate- 
rial. The flasks were then placed in a constant temperature water bath 
maintained at 38°. Dogs weighing approximately 10 kilos were anes- 
thetized and their thyroids removed. The slicing was done in a manner 
similar to that used for the sheep, although smaller amounts of tissue were 
used in each flask. In the experiments in which rat thyroids were used, 
animals weighing 180 to 220 gm. were chosen. The rats were sacrificed 
by a blow on the back of the neck and their thyroids rapidly removed and 
halved with a razor blade. Further treatment was the same as that 
employed for the thyroid slices of dog and sheep. 

The bicarbonate-Ringer’s solution was prepared according to Krebs and 
Henseleit (6). From 10° to 3 X 10° counts per minute of I! (as measured 
with the Geiger-Miiller counter) were present as iodide in the Ringer’s 
solution of each flask. The preparation of the radioiodine has been de- 
scribed elsewhere (7). The I? present in the bicarbonate-Ringer’s solu- 
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tion was mainly that due to the amount contained in the NaCl. The 
radioiodide was added in 0.1 cc. of a solution of isotonic NaCl. The 
bicarbonate-Ringer’s solution was saturated with a gas mixture consisting 
of 5 per cent COz and 95 per cent O2, and the atmosphere above the solu- 
tion and slices was displaced with this gas mixture immediately before the 
flask was placed in the constant temperature water bath and again after 
each hour during the incubation. The pH of the solution was adjusted to 
7.4 to 7.5 just before the addition of the slices. Measurements were made 
with either a quinhydrone electrode or a glass electrode of the Beckman 
type. 

After completion of the period of incubation, the tissue was hydrolyzed 
with 2 n NaOH for 8 hours on the steam bath. The fractionation pro- 
cedure has been previously described (8). The modifications introduced 
were such as to restrict the volumes worked with in order that the tedious 
CrO;-H,SO, ashing previously used might be eliminated. Thus the thy- 
roxine, diiodotyrosine, and inorganic iodine fractions were made up to 
volume after separation, and aliquots were pipetted directly on a 4 X 6 em. 
copper-foil disk on the bottom of which lay a strip of lens paper. The 
aliquots were chosen so that each contained approximately the same 
amount of radioactivity. In order to keep self-absorption of the radio- 
activity the same in all determinations, equal volumes of an Na»SQ, solu- 
tion were evaporated on each copper dish by heating the latter over a hot- 
plate. In this way each sample contained the same mass of solid material 
after evaporation to dryness. The samples were covered with a piece of 
Scotch tape and wrapped around a thin wall Geiger-Miiller counter to 
determine their radioactivity. Each of the fractions was determined 
separately. The completeness of the recovery is shown by the sum of the 
values of the three fractions. 


SUMMARY 


1. The conversion of iodide to thyroxine and diiodotyrosine by surviving 
slices of thyroid glands obtained from sheep, dog, and rat is demonstrated. 

2. Evidence for the presence of newly formed thyroxine and diiodo- 
tyrosine was presented by the isolation of each as a pure substance from a 
mixture of its radioactive and non-radioactive forms and by repeated 
recrystallization of the mixture of both forms of each to constant specific 
activity. The radiothyroxine was washed free of contaminating radio- 
diiodotyrosine by the addition of the latter in its non-radioactive form 
during the recrystallizations of the thyroxine. Radiodiiodotyrosine was 
freed from contaminating radiothyroxine in a similar manner. 

3. As much as 12 per cent of the added I'' was incorporated into thy- 
roxine and as much as 70 per cent into diiodotyrosine when 300 to 350 mg. 
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of rat thyroid glands were incubated in a bicarbonate-Ringer’s solution for 
3 hours. In slices prepared from the thyroids of dog and sheep, as much 
as 4 and 6 per cent of the added I" was converted to thyroxine respec- 
tively, and as much as 21 and 37 per cent was incorporated into diiodo- 
tyrosine. 

4. The in vitro incorporation of I into thyroxine and diiodotyrosine 
by thyroid glands failed to occur when their organization was disrupted 
by homogenization. 
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ACETOIN: POLAROGRAPHIC DETERMINATION AND 
DISAPPEARANCE FROM THE BLOOD 
AFTER ADMINISTRATION 


By LEON A. GREENBERG 
(From the Laboratory of Applied Physiology, Yale University, New Haven) 


(Received for publication, October 22, 1942) 


Acetoin (acetylmethylearbinol) has been found in minute amounts in 
normal human urine (1) and in the blood of the cow, pig, sheep, and horse 
(2, 3). Westerfeld, Stotz, and Berg (4) have reported that in dogs the 
rate of disappearance of alcohol from the blood was increased by the 
administration of pyruvate and that of pyruvate by the administration of 
alcohol. They interpret their results as indicating that acetaldehyde, 
produced by a primary oxidation of alcohol, may be condensed with pyru- 
vate to form acetoin. They suggest that this reaction may furnish an 
explanation for a relationship between the metabolism of alcohol and of 
carbohydrate. Support is given to their suggestion by the fact that 
pyruvic acid is a product of the normal metabolism of dextrose and that 
the condensation of acetaldehyde and pyruvic acid to form acetoin is 
known to occur in the metabolic activity of yeast and bacteria. Green, 
Westerfeld, Vennesland, and Knox (5) have demonstrated this condensation 
in vitro with enzymes from tissues of various animals. 

Westerfeld, Stotz, and Berg did not test their interpretation of alcohol 
metabolism by making determinations for acetoin in the blood of the dogs 
to which they gave alcohol and pyruvate. The investigation reported 
here is preliminary to such determination (6). The disappearance of 
acetoin from the blood following its administration was studied, since the 
possibility exists that it may be so rapid as to prevent the accumulation of 
appreciable amounts of acetoin. 


Polarographic Determination of Acetoin 


Previous procedures for determining acetoin have consisted in the 
formation and gravimetric determination of nickel dimethylglyoxime by 
the method of Lemoigne (7). The weight of the precipitate is less than 
twice that of the acetoin from which it is formed; therefore, for reasonable 
accuracy, at least 2 mg. of acetoin must be present in the material to be 
analyzed. The estimation of acetoin in low concentrations in blood would 
require such large samples as to be impracticable for repeated determina- 
tions on laboratory animals. The analytical procedure based on nickel 
dimethylglyoxime is time-consuming. The polarographic method, to be 

ll 
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described here, is equally specific and quantitative; with it, acetoin in 
concentrations as low as 0.5 mg. per cent can be determined in 2 cc. of 
blood and the analysis completed in 1 hour. 

The method in principle follows that of Lemoigne in the formation of 
diacetyl from acetoin and the separation by distillation. The diacetyl 
is then determined polarographically. Lemoigne oxidized the acetoin 
with small amounts of ferric chloride; van Niel (8) found that this procedure 
did not give constant yields of diacetyl and modified it by using a large 
excess of ferric chloride and distilling slowly. Stahly and Werkman (9) 
were unable to obtain consistent results even with the modification of 
van Niel. It was found in the present investigation that these discrepan- 
cies may result from carrying out the distillation before the acetoin is 
completely oxidized and that they can be obviated by heating the solution 
containing the acetoin and ferric chloride in a hot water bath for 30 minutes 
before distillation. 

The procedure used here in obtaining the diacetyl is as follows: A 1:10 
tungstic acid, protein-free filtrate is prepared from 2 ec. of blood by the 
Folin-Wu method. 10 cc. of the filtrate are placed in a 125 ec. distillation 
flask and 10 ee. of 50 per cent solution of ferric chloride added and an 
ebullition tube inserted. The flask is connected to a small vertical con- 
denser, the lower end of which extends into a receiving tube marked at 10 
ec. The distillation flask is immersed in a hot water bath for 30 minutes; 
the bath is then removed and the flask is heated directly with the flame 
from a micro burner. Distillation is continued until exactly 10 cc. are 
collected. <A few cc. of the distillate are then taken for the polarographic 
determination of diacetyl. 

Winkel and Proske (10), Adkins and Cox (11), and Tachi (12) have shown 
that diacetyl gives a reduction curve on the polarograph. The reduction 
potential and diffusion current are influenced by the pH of the solution 
and the nature of the supporting electrolyte. In the present investigation, 
sodium sulfite was used as the supporting electrolyte. It proved especially 
satisfactory for the following reasons: It gave a large diffusion current for 
diacety! at a half wave potential of —0.86 volt; the reduction potential of 
sodium occurs at a much higher negative potential and thus gives no 
interference; and the sulfite obviates the necessity of bubbling nitrogen 
through the solution to remove oxygen. 

Kolthoff and Lingane ((13) pp. 59, 346) have confirmed the equation of 
Ilkovie (14) for inorganic ions and uncharged molecules but have shown 
that it does not apply to the reduction of all organic compounds. There- 
fore, preliminary to the determination of unknown quantities of acetoin 
by the methed described here, measurements were made with a series of 
solutions of known concentrations, corrections were made for the residual] 
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current ((13) p. 55), and a curve was plotted for diffusion current in relation 
to concentration. This curve, shown as Fig. 1, indicates that the relation 
between diffusion current and concentration was not linear. Fig. 1 was 
used as a reference curve for the estimation of unknown solutions of 
diacetyl. . 

For the determination with the polarograph, a cell of about 5 ec. capacity 
was used and determinations made on 2 to 3 ce. of distillate to which an 
excess of sodium sulfite crystals was added. If the concentration of 
diacetyl was so high that the diffusion current fell beyond the range of the 
reference curve, an appropriate dilution of another portion of the distillate 
was made and the determination repeated. Each mg. of diacetyl corre- 
sponds to 1.023 mg. of acetoin. 
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Fig. 1. Referénce curve for concentrations of diacety! 


A series of determinations was made on known solutions of acetoin in 
water, blood, and urine; the results are given in Table I. Determinations 
were also made on the blood and urine used to assure initial freedom from 
acetoin. The acetoin was prepared by reducing diacetyl with zine and 
sulfuric acid and was separated and purified by continuous ether extraction 
and fractional distillation (15). The purity was confirmed by the refrac- 
tive index. With 1 mg. per cent of acetoin the maximum errors in single 
determinations on water, blood, and urine were +0.2 mg. per cent; with 
10 mg. per cent of acetoin, the maximum errors were +0.2 and —0.5 mg. 
per cent on water, +0.2 and —0.4 mg. per cent on blood, and 0.0 and —0.5 
mg. per cent on urine; with 75 mg. per cent the maximum errors were 
+1.1 and —1.2 mg. per cent on water, +0.6 and —1.0 mg. per cent on 
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TABLE I 


Determination of Acetoin in Water, Blood, and Urine 


The values are given in mg. per cent. 




















Water 
Known Found Error 
1.0 1.1 +0.1 
0.8 —0.2 
1.2 +0.2 
0.9 —0.1 
1.1 +0.1 
0.9 —0.1 
1.1 +0.1 
0.8 —0.2 
| 09 | -0.1 
1.1 +0.1 
Averages 0.99 
10.0 9.7 —0.3 
10.0 0.0 
10.1 +0.1 
9.6 —().4 
9.5 —0.5 
9.8 —0.2 
9.7 —0.3 
| 10.2 +0.2 
| 9.9 —0.1 
10.1 +(0.1 
Averages | 9.86 
75.0 74.2 —0.8 
75.0 0.0 
74.1 —0.9 
73.8 —1.2 
| 74.5 | —0.5 
76.1 +1.1 
75.8 +0.8 
74.3 —0.7 
| 74.2 —0.8 
| 75.1 | 40.1 
- me 
| 74.71 


Averages.... 


Blood 


Known Found 


1.0 1.2 
0.8 
0.9 
1.1 
1.0 
0.8* 

Q* 


l 
1.0* 
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10.0 9.6 
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* Blood also containing 225 mg. per cent of ethyl alcohol. 
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The addition of 225 mg. per cent 


of alcohol to the blood containing acetoin did not affect the accuracy of the 


determination of the acetoin. 
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concentration of acetoin is due probably to greater loss of diacetyl during 
the distillation of the more concentrated solutions. 


Rate of Disappearance of Acetoin from Blood 


Acetoin was given to six dogs in amounts of 1 or 2 gm. per kilo of body 
weight. The concentration of acetoin in the blood was determined at 
hourly intervals. The curves for concentration in relation to time were 
virtually identical for each animal given the same dose. The values ob- 
tained are shown in Fig. 2. The rate of disappearance of acetoin was 
not uniform but fell progressively with decreasing concentrations. When 
1 gm. of acetoin was given, the concentration in the blood 1 hour later was 
64 to 71 mg. per cent; this low concentration suggests that as with alcohol 
the acetoin diffuses into the intercellular as well as extracellular fluid 
of the body. In the next four hourly determinations the concentration 
of acetoin in the blood fell by 26, 22, 12, and 5 mg. per cent. Thereafter 
the acetoin disappeared at a very slow rate; so that at 9 hours after adminis- 
tration, 1 mg. per cent was still in the blood. Control samples of blood 
taken before injection of the acetoin showed none in the blood. 

When 2 gm. per kilo of acetoin were given, the concentration at the end 
of 1 hour was 193 to 205 mg. per cent as compared to 64 to 71 mg. per cent 
after half the dose; the possibility exists that with the larger dose the 
distribution throughdut the body was not complete at 1 hour and that part 
of the decrease in the concentration in the blood during the next 2 or 3 
* hours may have been due to withdrawal of acetoin by the tissues (16). 
Therefore, the possibility cannot be excluded by the experiments reported 
here that at the higher concentrations the disappearance from the blood, 
other than by distribution, may be at a uniform rate. Completion of 
distribution would unquestionably be reached with the larger dose in less 
than 4 hours and by the smaller in less than 2 hours; the distribution of 
ethyl alcohol (with similar solubility in water but less molecular weight) 
is reached in much shorter times. The progressive decrease in hourly 
disappearance of acetoin beyond these times is unquestionably valid. 
Even with the period of very slow disappearance of acetoin at low concen- 
trations excluded, the general rate of disappearance is no more rapid than 
. that of aleohol; after 1 and 2 gm. per kilo are given to a dog, the alcohol 
disappears from the blood in about 4 and 7 hours. 


Acetoin in Urine 


The high boiling point of acetoin (148°) would prevent more than a trace 
of this substance appearing in the expired air but it has been shown by 
Neuberg and Gottschalk (17) that it may appear in the urine. In one 
experiment in which 2 gm. per kilo of acetoin were given to a dog, the 
bladder urine was withdrawn by catheterization each hour and the concen- 
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tration of acetoin determined. The curve obtained from _ these 
concentrations is shown in Fig. 2. The total loss of acetoin in the urine 
up to the time when the concentration of acetoin had fallen to 3.8 mg. 
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Fiq. 2. Concentration of acetoin in the blood and urine following administration 
of 1 and 2 gm. per kilo to dogs. 
per cent was 1.2 per cent of that administered. The concentration (c) 
of acetoin in the urine (U’) was higher than in the blood (#8) and at a ratio 
(U./B., Fig. 2) which averaged 1:1.2. As with alcohol (18, 19), it would 
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appear probable that acetoin passes through the kidneys by diffusion and 
that the differences in concentration are indicative only of differences of 
solubility in blood and urine (19), and consequently may vary slightly 
with the amount of salts dissolved in the urine. 


SUMMARY 


1. A rapid and accurate polarographic method is described for the deter- 
mination of acetoin in blood and urine. 

2. The rate of disappearance of acetoin from blood was determined 
after the administration of 1 and 2 gm. per kilo todogs. The rate, within 
the range studied, decreases with decreasing concentration. For the doses 
given, acetoin disappears from the blood no more rapidly than does ethyl 


alcohol. 
3. Acetoin appears in the urine in a concentration approximately 1.2 
of that in the blood. The percentage loss in the urine is small. 
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The determination of human hemoglobin has depended heretofore on 
assumed constants obtained from data on hemoglobin of other species. 
Peters and Van Slyke (1) have stressed the unreliability of these assumed 
values, which are 1.34 ec. of oxygen capacity per gm. or 0.335 per cent iron. 
The only recent work on the subject is that of Morrison (2) who found the 
iron content of fourteen samples of dialyzed, dried preparations of human 
hemoglobin to be from 0.305 to 0.338 per cent. Morrison and Hisey (3) 
showed that human hemoglobin containing | atom of iron will bind 1 mole 
of carbon monoxide. 

The investigation described here was undertaken to determine one of the 
primary constants of crystalline human hemoglobin; namely, its iron 
content. 


Methods 


Crystalline Human Hemoglobin—Hemoglobin from a composite sample 
of red blood cells, obtained from about twenty adult individuals, was crys- 
tallized by the method of Cannan! and recrystallized twice. After the last 
recrystallization the crystals were dissolved in a minimum of water and 
dialyzed until tests for inorganic ions were negative. The dialyzed hemo- 
globin solution was then evaporated and dried at 105° in an electric oven 
toconstant weight. After being ground and reheated at 105°, the powdered 
hemoglobin was stored in a desiccator over phosphorus pentoxide. 

Iron Determination—<Accurate volumetric determination of the iron con- 
tent of hemoglobin and other biological materials has usually been done by 
the titanium reduction method (2-6). This method has three disadvan- 
tages: an unstable standard is used for the titration, oxygen must be ex- 
cluded during the titration and from the stored titanium solution, and 
finally, chlorides interfere in the determination. The interference of chlo- 
rides precludes the use of hydrochloric acid, which is the best solvent for 
the iron ash. This is a point of practical importance in dry ashing 
procedures. 

An accurate and rapid method, free of these difficulties, for the estima- 
tion of 5 to 15 mg. of iron, was developed by semimicro adaptation of the 


' Cannan, R. K., personal communication. 
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widely used procedure of titration of ferrous iron with potassium di- 
chromate (7). 

Reagents— 

Sulfuric acid, iron-free, 36 N. 

Hydrochloric acid, 12 N. 

Phosphoric acid, 85 per cent. 

Stannous chloride solutions. 2 gm. of iron-free SnCl.-2H:,O in 100 ml. 
of 6nN HCl. Jt is important that this solution be freshly prepared. 

Mercuric chloride solution. 5 per cent solution of HgCl, in water. 

Indicator solution. A 0.2 per cent solution of barium diphenylamine 
sulfonate in water. 

Standard potassium dichromate solution. An approximately 0.028 n 
solution with potassium dichromate prepared by recrystallizing the reagent 
grade product and drying the pulverized crystals at 150-200° in an elec- 
tric oven. 

Analytical Procedure—About 2 to 5 gm. of hemoglobin were weighed by 
difference, with precautions against absorption of moisture, into a tall 
porcelain crucible of 50 ml. capacity. 2 ml. of sulfuric acid were added 
and the crucibles heated in an electric oven, starting at 80° and increasing 
to a maximum of 135° over a period of 8 hours. 

The crucibles were then placed on a hot-plate and heated until the con- 
tents stopped bubbling. Finally the crucibles were placed in a cold muffle 
furnace. The temperature of the furnace was brought to 590° in about 2 
hours and heating was continued for 8 hours. After 2 ml. of 12 n hydro- 
chlorie acid had been added to the dry ash, each crucible was covered with 
a watch-glass and placed in a steam bath for an hour. The cover-glass was 
removed and the solution evaporated to approximately 0.2 ml.; then 1.5 ml. 
of water were added and the solution heated almost to boiling on a hot- 
plate. The stannous chloride solution was added drop by drop from a 
capillary pipette, with agitation, until the yellow color of the ferric iron 
had disappeared; then one more drop was added. The solution was cooled 
in a water bath to below 25° and 1 ml. of 5 per cent mercuric chloride solu- 
tion was blown in all at once. The determination was discarded if the 
precipitate which was obtained was not white, silky, and small in amount. 
At this point 15 ml. of water, previously measured out, 1.5 ml. of 7 N 
sulfuric acid, 0.5 ml. of 85 per cent phosphoric acid, and 0.04 ml. of indi- 
cator solution were added as rapidly as possible and the mixture titrated 
at once with standard potassium dichromate solution, with mechanical 
stirring, until a violet tinge appeared. 

With the reagents we employed, the indicator and reagent blank was 
equivalent to 0.013 ml. of 0.01 N potassium dichromate. 

Accuracy of Method—-A\l weights and volumetric apparatus were cali- 
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brated. 10 ml. of an iron solution containing 8.935 mg. of iron, prepared 
from iron wire (99.8 per cent iron) and dilute hydrochloric acid, were 
evaporated to 0.5 ml. in a porcelain crucible and the iron content deter- 
mined. The average value of eight consecutive determinations was 
8.934 mg., with an average error in a single determination of 0.011 mg. 


Results 
The determination of the iron content of hemoglobin and determinations 
designed to show whether or not a loss of iron occurred during the ashing 
procedure are shown in Table I. 


TaBLe I 
Iron Content of Hemoglobin and Recovery of Known Amounts of Iron after Ashing 


| | 4 
| Per cent iron 


a Material Iron added | Iron found | in hemoglobin 
mg. mg. 
| Iron solution 8.935 8.900 
2 “ | 8.935 | 8.945 | 
3 | ee “ | 8.935 | 8.930 | 
4 " os 8.935 | 8.945 
5 Hemoglobin, 2.5211 gm. 8.588 | 0.3406 
6 . 2.5951 ‘ 8.821 | 0.3399 
7 “ 2.3408 ‘“ «7.945 =| 0.3400 
8 e 3.0m. * 9.087 | 0.3402 
9 wi 2.7629 ‘‘ | 9.414 0.3407 
10 Iron solution + 3 gm. glucose 8.935 8.930 
1] 5 - +3 * - 8.935 8.941 
12 = +3 * i 8.935 8.941 
13 Hemoglobin, 4.1915 gm. | 14.27 | 0.3405 
14 3 4.2158 “‘ 14.31 | 0.3395 
15 ” 4.3094 ‘ 14.64 0.3398 
16 ‘ 4.5264 ‘ 15.35 | 0.3391 
17 ” 4.4629 ‘‘ 15.18 | 0.3401 
II. on vnc bids. 0 ceca acter tees Valea seek ebeeeenee 0.340 
error of single GeterMinatiOM.. . 00.6 scecicrcecescvesseses | 0.0004 
DISCUSSION 


The value of 0.340 per cent, obtained for the iron content of human 
crystalline hemoglobin dried at 105°, corresponds to a minimal molecular 
weight of 16,400 and an oxygen capacity of 1.36 ml. pergm. These values 
for the constants of hemoglobin indicate that the primary constants 
assumed in hemoglobin methods are 1.5 per cent too low; hence the con- 
centrations reported as gm. of hemoglobin per 100 ml. of blood are too 
high by the same percentage. 
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We wish to express our thanks to Dr. R. L. Haden for suggesting this 
problem, to Dr. R. Keith Cannan for providing his method for the erystal- 
lization of human hemoglobin, and to Dr. D. Roy McCullagh for supplying 
red blood cells. 


SUMMARY 


1. An accurate method of determining 5 to 15 mg. of iron is presented, 
2. The iron content of crystalline human hemoglobin dried at 105° was 
found to be 0.340 per cent. 
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SOLUBILITY OF NITROUS OXIDE IN HUMAN BLOOD* 


By 8. C. CULLEN anp E. V. COOK 


(From the Division of Anesthesiology, Department of Surgery, College of Medicine, 
State University of Towa, Iowa City) 


(Received for publication, October 7, 1942) 


The solubility of nitrous oxide in blood at body temperature was de- 
termined by Siebeck (1) with considerable accuracy as early as 1909. In 
his experiment, the blood was placed with a gas mixture in a tonometer of 
3 liters capacity and equilibrated at 38° and atmospheric pressure. After 
an equilibrium had been attained, samples of both blood and gas were 
analyzed for nitrous oxide content. A blood cell solution was used which 
had been prepared from beef blood and was considered by Siebeck to be 
equivalent to whole blood with respect to N2O solubility. 

On three 100 ce. samples of this solution equilibrated at 38° with a 
known gas mixture, Siebeck obtained a values of 41.08, 42.73, and 41.29, re- 
spectively, averaging 41.7 or 0.417 perec. This a is the Bunsen absorption 
coefficient described (2) as “the volume of gas (reduced to 0° and 760 mm.) 
taken up per unit volume of solvent when the pressure of the gas itself 
minus the vapor tension of the solvent is 760 mm.”’ 

In spite of the fact that the substitution of such a blood cell solution 
for whole blood may be open to question, the a@ value of 0.417 agrees 
very closely with that found by Orcutt and Seevers (a = 0.416), who have 
recently described a new method for determining the solubility of gases in 
liquids (2). This method, specifically applied to nitrous oxide in blood (3), 
may be considered the most accurate at the present time, and has been used 
in the experiments now to be reported to determine the solubility of 
nitrous oxide in blood at 37.5°. 


Methods 


Oxalated venous blood samples were equilibrated in a tonometer at 
37.5° and atmospheric pressure with gas mixtures of varying concentrations 
of N2O, No, Os, and COs. The volumes of blood and gas used, the length of 
equilibration, the method of sampling, and other details of procedure were 
the same as those described for normal oxygen tension determinations (4). 

Blood samples (1 ce.) were analyzed according to the method previously 
mentioned (3). Gas samples (25 to 30 ec.) were analyzed by the Van Slyke 
manometric procedure (5), corrections being made for the reabsorption of 
nitrous oxide in the sodium hydroxide and hydrosulfite reagents. 


* Aided in part by a grant from Linde Air Products, New York. 
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NITROUS OXIDE IN BLOO 


TABLE I 


D 


Composition, Barometric Pressures, and Nitrous Oxide Tensions of Blood 


and Gas Samples 


Equilibrated gas, per cent composition Bar 














Sample No — ~NO 
COs Or Ne NO 
mm. Ile mm. Ile 
l 5.95 9.48 0 84.5 740 583 
2 6.15 4.21 0 89.6 737 616 
3 6.30 1.04 4.16 88.5 738 609 
4 5.75 17.40 76.8 740 531 
5 6.10 5.33 21.30 66.3 740 458 
6 5.30 46.80 0 47.9 738 330 
7 5.60 9.50 38.00 46.9 738 323 
8 5.80 1.66 0 92.5 740 639 
9 1.23 0.60 0 98.1 740 678 
10 5.80 33.70 0 60.5 738 417 
ll 5.70 7.50 30.00 56.8 737 391 
12 5.25 75.80 0 19.0 736 131 
13 5.38 15.60 62.40 16.6 736 114 
14 0.42 0.40 0 99.1 736 681 
15 5.45 16.25 65.00 13.3 738 92 
16 5.33 63.80 0 30.8 742 213 
17 0.57 0.28 0 99.1 745 690 
18 5.53 53.60 0 40.8 738 281 
19 6.44 11.00 44.00 38.5 738 265 
20 5.71 39.60 0 54.7 737 376 
21 5.63 8.12 32.48 53.7 736 369 
a * i 
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Fig. 1. Nitrous oxide content of human blood when equilibrated at 37.5 


varying tensions of nitrous oxide. 
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9 
2 


with 








8S. C. CULLEN AND E. V. COOK 25 


Results 


The analyses of blood and gas samples are recorded in ‘Table I, to- 
gether with the barometric pressures and corresponding nitrous oxide ten- 
sions which were calculated by the formula: 


pN,O = (barometric pressure minus vapor pressure of blood) % NO in gas sample 


When the volume of nitrous oxide found in blood is plotted against the 
nitrous oxide found in gas samples, the points fall very nearly in a straight 
line, as is shown in Fig. 1. Since the volume of nitrous oxide in blood is 
calculated in terms of 0° and 760 mm., it is possible to read the a value 
directly from the graph, the a value being 0.415. 


DISCUSSION 


Since the blood and gas in the tonometer were at atmospheric pressure 
(approximately 740 mm.) and since the vapor pressure of blood is about 
49 mm., a gas sample of 100 per cent nitrous oxide would exert only about 
691 mm. pressure. However, to determine the amount of nitrous oxide 
that would be dissolved in blood at 37.5° when pN,O = 760 mm. of Hg, it is 
permissible to read the value from the line in the graph. This value would 
be a and is about 0.415, which agrees very closely with the values pre- 
viously mentioned (2). 

Seevers and Waters (6) give the solubility of nitrous oxide in terms of 
Ostwald’s solubility expression (2) and report \ = 0.470 for blood at 37.5°. 
To convert \ to a, one can apply the simple formula, \ = a(1 + 0.003672). 
When the @ value found in the present experiment is used, \ = 0.415(1 + 
0.00367 X 37.5) = 0.472. 

Numerous investigators (7-15) have reported nitrous oxide content of 
blood during anesthesia, but because of differences in methods of analysis, 
time of sampling, and lack of data on composition of inspired gas mixtures, 
the results are quite confusing. All of the results are lower than the 
average value of 30 volumes per cent found by the authors in the blood of 
patients inspiring approximately 80 volumes per cent of nitrous oxide (7). 
Smith (8) who used the same method as was used in the present experi- 
ments, obtained 28 volumes per cent, which agrees more closely than any 
of the others. 

It must be remembered that in the alveoli vapor tension exerts a tension 
of about 49 mm. of Hg, and CO, at least 40 mm., leaving only 650 mm. 
tension (barometric pressure 740 mm.) for nitrous oxide, if 100 per cent 
nitrous oxide were being inspired. In other words, a patient breathing 
100 per cent nitrous oxide (if he lived long enough to attain equilibrium 
between alveoli and blood) would have from 35 to 36 volumes per cent of 
nitrous oxide in his blood. This agrees rather closely with Jolyet and 
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Blanche (15) who found 34 and 37 volumes per cent in blood of two dogs 
after they had breathed 100 per cent nitrous oxide for 3 minutes. 

The elimination of nitrous oxide from blood while air is breathed must 
necessarily depend somewhat upon the rate of respiratory exchange of the 
patient. It is doubtful, however, that the nitrous oxide would be completely 
eliminated in 5 minutes as reported Nicloux (11). When an arterial blood 
sample was drawn from a patient 20 minutes after anesthetic gas had been 
discontinued, it was found by the authors to contain from 1 to 2 volumes 
per cent of nitrous oxide. Although this amount is negligible from an 
anesthetic standpoint, it is still a definitely measurable amount. 


SUMMARY 


The solubility of nitrous oxide in blood at 37.5° was found to be a = 


0.415 and A = 0.472. 
A brief summary is given of the nitrous oxide content of arterial blood 
during nitrous oxide anesthesia. 
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CATECHOLASE (TYROSINASE):* REVERSIBLE 
INACTIVATION AND REACTIVATIONT 


By LEON E. TENENBAUM anv H. JENSEN 


(From the Research Laboratories, The Upjohn Company, Kalamazoo) 


(Received for publication, October 26, 1942) 


Studies of the chemical properties of the enzyme, catecholase, have shown 
that this polyphenoloxidase consists of a copper-protein complex (1-3). 
Indications have also been obtained that the enzymic activity of catecho- 
lase is associated with the copper part of the molecule, since it has been 
found that the addition of certain reagents known to react with cupric 
ions will inhibit the enzymic activity of catecholase preparations (1, 2, 4, 
5). We were interested to find out whether the enzyme, so inactivated, 
could be reactivated by the addition of certain metal ions. Cupric, ferric, 
cobaltous, and manganous ions were tested. In the following we wish to 
report on our findings. 


EXPERIMENTAL 


Preparation of Enzyme—The catecholase preparation, used in the in- 
activation studies, was obtained from the common mushroom, Psalliota 
campestris, according to the method of Tenenbaum and Jensen (6). The 
preparation had an activity of about 250 Adams and Nelson units per mg. 
of dry organic weight, a unit being defined as that amount of enzyme which 
will cause an oxygen uptake of 10 c.mm. per minute when the catechol- 
hydroquinone substrate (7) is used. 

Inactivation Experiments—The first series of experiments was carried 
out in order to determine the effect of time on the inactivation of the 
enzyme by the addition of the reagents, potassium cyanide, sodium 
diethyldithiocarbamate, and potassium ethyl xanthate, and also the degree 
of reactivation following the addition of cupric ions to the inactivated en- 
zyme solution. 

The following solutions were prepared. 

Solution 1—This was a solution containing enzyme, buffer (phosphate- 
citrate, 0.4 mM, pH 6.5), and gelatin, made up to contain 1 ml. of the buffer 
and 5 mg. of gelatin for every 1.3 units of enzyme in the solution. 


* The term catecholase is preferable to tyrosinase, but the latter, however, is still 
in general use. 

t A report upon this work was presented at the meeting of the American Chemical 
Society at Buffalo, September, 1942, before the Division of Biological Chemistry. 
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Solution 2—This solution prepared as described for Solution 1 contained 
in addition 0.1 mg. of inactivating agent for every 1.3 units of enzyme. 

Solution 3—This solution was prepared as described for Solution 2, but 
contained in addition 0.5 mg. of cupric ion (added as a solution of cupric 
chloride) for every 1.3 units of enzyme. The copper salt was added im- 
mediately after the addition of the inactivating agent. 

In determination of the enzymic activity, an aliquot containing 1.3 
units of enzyme was withdrawn from the desired solution for the test. 

After the solutions were prepared, they were allowed to stand at room 
temperature for 10 minutes and then tested. They were then placed in 
the refrigerator and tested 24 and 72 hours afterwards. The solution con- 
taining the active enzyme (Solution 1) was run as a control to determine 
the changes in the enzymic activity which occur on standing. The solu- 
tion containing the enzyme and inactivating agent (Solution 2) was tested 
to determine the loss in potency due to inactivation. An equivalent portion 
of Solution 2 was tested at the same time in the presence of 0.5 mg. of cupric 
ion (added just before the determination) to determine the amount of re- 
activation which could be obtained after the enzyme had been in contact 
with the reagent for the given length of time. Solution 3, which contained 
enzyme, inactivating agent, and cupric ion, was tested to determine the 
protective influence of the cupric ion when it was added immediately after 
the addition of the inactivating agent. 

A second series of experiments was carried out to ascertain the effect 
of other metal ions on the degree of reactivation of a previously inactivated 
enzyme solution. The metal ions besides cupric used in these experiments 
were ferric, manganous, and cobaltous and were added as solutions of their 
corresponding chlorides. 

For this test, the enzyme solutions were prepared as described for Solu- 
tion 2 and allowed to stand for 10 minutes. At the end of the 10 min- 
ute period 0.5 mg. of the desired ion (cupric, ferric, manganous, or 
cobaltous) was added and the solution tested. The oxygen uptake given 
by the inactivated enzyme solution to which the metal ion had been added 
was compared with the uptake obtained with an inactivated enzyme solution 
to which no metal ion had been added. A similar series of experiments 
was undertaken in which a 0.4 M acetate buffer (pH 5.9) was used in place 
of the phosphate-citrate buffer. Controls were run to determine whether 
the metal ions, themselves, would cause an oxygen uptake; none was ob- 
served when the quantities mentioned above were used. 

DISCUSSION 
As ean be seen from Table I, it was found in agreement with other in- 


vestigators (1, 2, 4, 5) that potassium cyanide, sodium diethyldithio- 
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carbamate, and potassium ethyl xanthate will inhibit catecholase activity. 
The addition of cuprie ions will restore enzymic activity, the degree of 
reactivation apparently depending upon the time which elapses between 
the addition of the inactivating agent to the enzyme solution and the 
addition of the cupric ion. When cupric ions were added immediately 
following the addition of the inactivating agent, a small loss in activity 
occurred, which, however, did not increase upon standing. Apparently 
the addition of cupric ions prevents any further inactivation from taking 
place (see the last two columns in Table I). It appears that longer contact 


TaBLe I 
Effect of Time on Reactivation of Inactivated Catecholase by Cupric Ions 
0.1 mg. of the agent and 0.5 mg. of copper were used in these experiments. The 
oxygen uptake is given in c.mm. for a run of a half hour duration. The per cent 
reactivation is calculated on the basis of the amountof activity which still remains 
after inactivation, and not on the total amount of activity. 


Catecholase + Catecholase + 





cholase | inactivating’ | inactivating agent + | cipvie tons added im- 

aan = alone agent just before test mediately after agent 
Inactivating agent rime had been added 

Oxygen Oxygen Per came Oxygen Per ag Oxygen cat 

uptake uptake tivation uptake tivation uptake tivation 
Potassium 10 min. 424 3.5 | 99 304 72 335 79 
cyanide 24 hrs. 420 5.0 98 236 56 342 81 
a” 408 3.8 99 178 44 328 80 
Sodium diethyl- 10 min. 402 11.4) 97 280 70 375 93 
dithio- 24 hrs. 396 0 100 100 25 358 90 
carbamate ie 384 0 100 45 12 350 91 
Potassiumethyl 10 min. 411 55 87 379 79 402 98 
xanthate 24 hrs. 406 = 48 88 271 55 388 96 
@ “ 392 44 89 228 47 370 94 


of the inactivating reagent with the enzyme in the absence of cupric ion 
produces some irreversible inactivation. 

The presence of gelatin in the reaction mixture did not exert any qualita- 
tive influence on the degree of inactivation and reactivation; however, the 
oxygen uptake was less in the absence of gelatin. 

As can be seen from Table II, addition of cupric ions gives considerably 
more reactivation than any of the other metal ions employed. Ferric and 
cobaltous ions cause little reactivation except in the case in which the 
enzyme was inactivated by sodium diethyldithiocarbamate. Manganous 
ions produced some reactivation when the buffer medium was phosphate- 
citrate, but in the acetate buffer no reactivation was observed. 
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Potassium ethyl xanthate and sodium diethyldithiocarbamate gave about 
the same amount of inactivation in the presence of either phosphate-citrate 
or acetate buffer; however, potassium cyanide did not produce sufficient 
inactivation in the presence of acetate buffer and a larger quantity (0.3 mg. 


TaBLe IT 
Reactivation of Inactivated Catecholase by Various Metal Ions 
E. = enzyme (catecholase), A. = inactivating agent. The oxygen uptake is 
given in c.mm. for a run of a half hour duration. The per cent reactivation is cal- 
culated on the basis of the amount of activity which still remains after inactivation, 
and not on the total amount of activity. When no reactivation or further inactiva- 
tion occurs upon the addition of a metal ion, the per cent reactivation is given as zero, 


In phosphate-citrate buffer {n acetate buffer 
merece |_| sug | Pine | PSase*|Onguen | Picee®| Pacer 
tivation tivation tivation tivation 
Sodium di- E 390 373 
ethyldithio- “ +A S 9S 0 100 
carbamate, c+ + Cut 265 68 242 63 
0.1 mg. “o+ “ + Fett 9S 25 60 16 
+ *§ + Co* 172 $4 149 40 
+ * + Mn** 209 54 0 0 
Potassium > 393 349 
ethyl i 51 87 35 9) 
xanthate, c+ + Cut 323 69 252 62 
0.1 mg. oo+ * + Fett 51 0 16 0 
Pr = + Co 45 0 103 19 
+ + Mn 194 36 31 0 
Potassium - 387 370 
cyanide, “ +A. 38 90 227 39 
0.1 mg. c+ + Cut 307 71 270 12 
-* + Fert 60 6 179 0 
= SS + Cort 69 S 268 ll 
+ + Mn 172 35 261 9 
Potassium 368 
cyanide, “ +A, 27 93 
0.3 mg. e+ + Cut 261 64 
os + * + Ket? 74 13 
+ © 4. Cott 85 16 
eo 6 4 Mntt 33 0 


in place of 0.1 mg.) of potassium cyanide had to be used in the presence of 
that buffer. This is probably a pH effect (the pH of acetate buffer is 5.9 
and that of phosphate-citrate is 6.5), since it was observed that less inactiva- 
tion was produced by potassium cyanide when a phosphate-citrate buffer 
of lower pH was used. 
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From the observations reported in this paper and those of other investi- 
gators, it appears that the tyrosinase molecule may be considered as being 
composed of a more or less separable metallic component, copper, which is 
bound presumably by coordinate bonds to a protein of specific nature. 
The copper part of the molecule is probably the chief “anchoring” group. 
The “‘fixing”’ of the free bonds of the copper part of the enzyme by the ad- 
dition of certain reagents leads to inactivation. The liberation of these 
bonds by the addition of certain metal ions, especially cupric, leads to 
reactivation. It is probable that the linkages between cupric ion and these 
reagents are less dissociable than the linkages between these reagents and 
the other metal ions. It is unlikely that any loss in activity and its re- 
versal are due to first reduction and then oxidation of the cupric part of the 
molecule. The irreversible inactivation which appears on standing may 
be caused by the action of the reagents on the protein portion of the 
molecule. 


SUMMARY 


Potassium cyanide, sodium diethyldithiocarbamate, and potassium 
ethy! xanthate were found to inhibit catecholase activity. 

Addition of various metal ions indicated that cupric ions gave the great- 
est percentage of reactivation. 

The longer the period of time which elapses between the addition of 
inactivating agent and addition of cupric ions, the smaller the amount of 
reactivation. 

The significance of these findings in relation to the chemical structure of 
the enzyme, catecholase, has been discussed. 
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PYRUVATE INJECTIONS IN MAN* 
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(Received for publication, October 13, 1942) 


The metabolism of pyruvic acid has been extensively investigated in 
vitro, but few studies have been made in vivo. It has been shown that 
pyruvate can be converted to glucose in the rabbit (1) and to lactate in 
the rabbit and the dog (1-5). Furthermore, injected pyruvate disappears 
rapidly from the blood in the dog (5) and the rabbit (2). The injection 
or ingestion of glucose is followed by a rise in the blood pyruvate in the 
dog (5) and in man (6). In the present experiments we have attempted 
to estimate the interrelationship of intravenously injected glucose, lac- 
tate, and pyruvate in humans, and the effect of insulin on some of these 


reactions. 
EXPERIMENTAL 


Male subjects for these studies were chosen from the wards of the 
Psychiatrie Division of Bellevue Hospital; in these subjects (unless 
otherwise noted) the complaint consisted of some situational difficulty, 
and there was no evidence of physical disorder. Their ages varied between 
19 and 37 years, and weight between 63 and 72 kilos. The study was 
started 18 hours after the last meal and after at least $ hour of rest in bed. 
The blood was drawn into a syringe containing sufficient iodoacetate to 
make a 1 per cent solution, delivered into sampling bottles containing 
sufficient fluoride and oxalate to make a 1 per cent and a 0.2 per cent 
solution respectively, and precipitated immediately. All determinations 
were corrected for the dilution by the iodoacetate solution. Various 
quantities of glucose, sodium dl-lactate, sodium d-lactate, and sodium 
pyruvate were injected intravenously. The blood samples taken at 
intervals were precipitated with trichloroacetic acid for the determina- 
tions of pyruvic acid and bisulfite-binding substances, and with zinc sulfate 
and sodium hydroxide (7) for the determination of lactic acid and glucose. 
Methods for the analysis of glucose, pyruvic acid, lactic acid, and bisulfite- 
binding substances (B. B. 8.) were the same as those described in previous 
publications (6, 8). The values for non-pyruvie acid B. B. 8. were ob- 

* Aided by grants from the John and Mary R. Markle Foundation, the Williams- 
Waterman Fund of the Research Corporation, and the William N. Warner and 
Company Fellowship Fund. 
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tained by subtracting the mg. per cent of pyruvic acid obtained with the 
hydrazone method from the total B. B. 8S. (expressed as mg. per cent of 


pyruvie acid). 
Results 


Following the administration of 15 gm. of glucose to eight subjects, 
there was a slight rise of both lactic acid and pyruvic acid in the blood. 
The increases were sufficiently large to be significant with the methods 
used. Similar experiments were then performed on twenty subjects with 
100 gm. of glucose. The increase in lactate and pyruvate in these cases 
was at least twice the change observed in the patients given 15 gm. of 
glucose (Table 1). The maximum rise in both lactic and pyruvic acids 
occurred at between 30 and 45 minutes. The sustained elevation of 
pyruvic acid after glucose injection should be noted, since injected pyruvic 
acid disappears rapidly from the blood in vivo. It is therefore probable 
that there is a continuous large production of pyruvate to maintain the 
elevated pyruvate levels in the blood. The rise in lactate and pyruvate 
after glucose injection was associated with no significant change in the 
pyruvate-lactate ratio. This is in agreement with the recent findings of 
Stotz and Bessey (9). The urine contained from 6 to 18 per cent of the 
injected glucose. 

A similar study was made on ten subjects who received 100 gm. of glucose 
and insulin intravenously. The average increase in blood pyruvate was 
not significantly different from that observed in the twenty subjects who 
had received 100 gm. of glucose without insulin (Table I). This is in 
contrast to observations on diabetic dogs (10) and subjects (11) in which 
insulin produced a marked rise in blood pyruvate after a single glucose 
administration. It is suggested that the failure of insulin to produce a 
further rise in blood pyruvate in normal subjects is due to the marked fall 
in blood sugar which occurs, and effectively removes glucose for oxidation. 
This fall in blood sugar after insulin administration might be partly 
brought about either by increased glycogenesis in the muscle or by de- 
creased glycogenolysis in the liver or by both. 

When an intravenous injection of 50 to 100 gm. of glucose was followed 
by a continuous infusion of a 10 per cent glucose solution in saline (60 
to 100 gm. of glucose per hour), a sustained rise in blood pyruvate occurred, 
reaching a constant level within 30 minutes. The intravenous injection 
of various doses of insulin after 1 to 1} hours of glucose infusion pro- 
duced a further rise in blood pyruvate (Fig. 1). This was probably due 
to the ample supplies of glucose available for oxidation. 

The results after the intravenous injection of 18.8 gm. of racemic sodium 
lactate (12 per cent solution) are presented in Table Il. It may be seen 
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TABLE I 


Changes in Blood Pyruvie and Lactic Acids after Intravenous Injection of 100 Gm. of 
Glucose 


The results are expressed in mg. per cent. 


Subject No. 0 min. | 15 min. | 30 min. 45 min. | 60 min. | 90 min. 
Glucose 
Average change (20 | 
subjects) +382 +254 +227 +129 +41 


Average change after | 
glucose + 20 units | 
insulin (10 subjects) +352 +141 +32 +8 | —22 


Pyruvie acid 


1 1.15| 1.44 1.46; 1.69! 1.74! 1, 
2 1.02 1.59 1.75 | 1.37 
3 1.17 2.04 1.96 1.86} 1.39 
| 0.97 1.25 1.62 1.54 | 
5 0.91 1.64 1.74 1.96 | 1.33 
6 1.19 1.37 1.56 1.86 1.69 1.70 
7 0.80 0.96 1.08 1.23 1.20 1.06 
8 0.93 1.45 1.86 1.66 1.45| 1.30 
9 0.92 1.01 1.50 1.66' 1.64) 1.07 
10 0.78 1.04 1.31 1.37} 0.90 
1 1.10 1.58 2.20 1.46/ 1.43 
12 0.74 | 1.62 1.52 1.33 0.93 
13 0.76 0.82 1.18 1.02| 0.92 
14 0.68 1.23 1.29 1.15 0.99 
15 0.78 1.47 1.37 1.82) 1.44 
16 1.14 1.39 1.70} 1.15 
17 1.04 1.59 1.62 1.62) 1.05 
18 1.00 1.31 1.26 1.26) 1.09 
19 1.10 1.29 1.49 1.50 1.07 
20 0.90 1.63 1.51 1.57 1.32 
Average change +0 .34 +0.57 +0.64 +0.64 +0.31 
2 after 
glucose + 20 units 
insulin (10 subjects) +0.59 +0.62 +0.54 +0.54 +0.18 
Lactic acid 
1 8.7 12.0 11.8 13.6 17.5 19.4 
2 5.3 10.5 11.6 | 8.5 
3 9.3 | 16.7] 16.4 13.1| 10.4 
4 8.5 | 10.9 | 14.8 15.5 


| 
Average change +2.9 | +5.5 +6. | +6.5 +4.9 














36 BLOOD GLUCOSE CHANGES 






































vs A sL UCOSE 
2004 (MG. % 6004, (MG. %) 
00 J00 = 
0 ra) 
600% a 6004a 
004 3004 
aoe 59 
» 600 7 
_ J 00 = 
2 
00 4 600 «4 6 
20 J00 
720 180 
Poe i c 8 <4 — 
a 4006 
De ; Tze 
20044 ‘ 80044 
7 4008 
- cn tx p Teo Po 
oe 6004 
~~ ; = 
f2s Tic P75 . 425. Tse 825 
a a 6004 
2 2 
4 300 «4 
£0 tee To C 10 To Te 
200 | 600-4 
50 T7$ 
T T 
25 $0 rs 00 «a5 $0 





Fic. 1. Blood pyruvate and glucose curves after intravenous glucose injection 
immediately followed by glucose infusion. Abscissas, time in minutes after start of 
infusion; ordinates, increase in blood pyruvic acid and glucose (in mg. per cent) over 
the initial level. The arrows indicate the time at which various units of insulin were 
injected intravenously. Curves 1 (with insulin) and 7 (without insulin) represent 
observations on the same subject. The amounts of glucose given first by single 
injection and then during the infusion, respectively, were as follows: Curve 1, 100 
gm., 100 gm. per hour; Curve 2, 100 gm., 120 gm. per hour; Curve 3, 50 gm., 60 gm. per 
hour; Curve 4, 60 gm., 90 gm. per hour; Curve 5, 100 gm., 120 gm. per hour; Curve 6, 
50 gm., 80 gm. per hour; Curve 7, 100 gm., 100 gm. per hour; Curve 8, 75 gm., 100 gm. 
per hour; Curve 9, 75 gm., 100 gm. per hour. 








E. BUEDING AND W. GOLDFARB 37 


TABLE IT 


Blood Lactic and Pyruvic Acids after Injection of 18.8 Gm. of Sodium Lactate 
Intravenously 


The results are ) eS in mg. per cent. 


scatter . ; 
Subject No. | Omin. | Smin. 10min. | 15 min. 30 min. | 60 min. 120 min. 
Sodium dl-lactate 
Lactic acid 





56.5 | 35.7 | 23.4 | 





1 7.0 7.9 
2 6.4 52.9 41.7 | 35.6 | 28.8 | 16.5 | 5.7 
3 7.9 58.1 | 48.9 | 28.0 | 18.6 | 8.4 
4 6.7 65.6 30.4 | 18.8 | 6.7 
5 6.2 47.5 42.5 | 45.3 | 35.6 | 21.4 | 7.5 
= - —— —— 
Average change +48.9  +40.6 |+39.7 +24. 9 fa. 9 | +0.4 
Pyruvic acid 
i | ams - <<. St ios a 
1.01 | 1.72) 1.46) 1.50/ 0.98 
2 0.93 1.78) 1.68 ° 1.11} 1.05) 1.04! 0.85 
3 1.01 2.00, 2.03} 1.69) 1.38| 1.06 
4 0.93 2.04 2.08; 2.09) 1.77) 1.61} 1.05 
5 0.98 1.54 1.75, 1.66] 1.43) 1.22! 0.90 
6 1.04 2.00 1.68) 1.58 | 
7 0.70 | 1.62 1.50) 1.41 
Average change +0.88 | +0.85 | +0.71 | +0.51 +0. 38 | —0. 03 
Sodium d-lactate 
Lactic acid 
a —— 
1 6.5 50.0 38.8 | 32.1 | 21.5 | 12.0 
2 7.7 58.3 34.3 | 32.0 | 20.2 | 13.9 8.5 
3 6.3 51.6 38.8 | 29.8 | 18.6 | 10.2 7.6 
4 6.3 53.6 | | 35.2 | 21.8 | 10.1 | 6.9 
| mane ——— 
Average change +46.7 +30.5 |+25.5 (+13.8 | +4 9 | +0.9 
Pyruvie acid 
1.08 | 3.02] 2.36| 2.55| 2.06] 1.35 | 
2 0.85 | 2.59 2.48| 2.44] 1.73] 1.47] 
3 1.01 | 2.31] 2.29] 2.18) 1.84] 1.39] 1.02 
4 0.94 2.61! 2.60; 2.36) 1.96, 1.30| 1.09 
Average change +1.66 +1.44 | +1.41 | +0.93 | +0.38 | +0.07 


that there was a marked rise of pyruvic acid in the blood with a peak at 
5 minutes after the injection. The rise in pyruvie acid exceeded that 
observed with both the 15 and 100 gm. doses of glucose. The excretion 
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in the urine of lactic acid varied from 7 to 11.5 per cent, with an average 
of 9.6 per cent of the injected lactate. 

In view of the fact that the physiologically active form of lactate in the 
body is the d form (12, 13), we have made observations on the glucose and 
pyruvic acid concentrations of the blood after injection of 18.8 gm. of sodium 
d-lactate (12 per cent solution). The sodium d-lactate was prepared 
from zine d-lactate (Eastman Kodak) (14). It may be seen (Table II) 
that the rise in blood pyruvate was about twice as great as that following 
the injection of the same amount of racemic lactate. The maximum 
rise in pyruvate occurred again at 5 minutes. Flock et al. (5) found a rise 
of pyruvate after lactate injection. This increase apparently was not 
considered significant. However, sodium lactate appears to be more 
readily converted into pyruvate than glucose, since the injection of 100 
gm. of glucose did not increase the blood pyruvate as much as the 18.8 
gm. of d-lactate did. There was no change in the blood glucose concentra- 
tion after lactate injection. The rate of disappearance of the d-lactate 
from the blood exceeded that observed with racemic lactate. After the 
injection of 18.8 gm. of racemic sodium lactate, at least 3 times as much 
lactic acid is excreted in the urine (8 to 11.5 per cent of the amount in- 
jected) as after injection of the same quantity of d-lactate (2 to 3 per cent 
of the amount injected). These observations indicate again the more 
ready availability of the d form (12, 13). 

Observations were made on glucose, lactate, pyruvate, and B. B. S. 
after injections of 18.8 gm. of sodium pyruvate (12 per cent solution) 
prepared according to Lu (15) immediately before injection. The subjects 
consisted of three non-psychotic and four schizophrenic patients. The 
injected pyruvate disappears much faster from the blood than the same 
amount of injected lactate (Table III). There was an increase in blood 
lactate (Table III) which reached a peak 4 minutes after the injection 
was terminated and was sustained for 45 minutes. The rise in lactate far 
exceeded that observed after the injection of glucose (Table I). It should 
be noted that human blood can convert pyruvate to lactate in vitro (16, 8). 
The non-pyruvic acid B. B.S. were increased during the first 45 minutes after 
the injection. This confirms earlier evidence (17, 2) that pyruvic acid is 
partially converted into other carbonyl compounds in vive. This con- 
version does not take place in human blood in vitro (8). Only 3 to 4 per 
cent of either pyruvate (2 to 3 per cent) or lactate (1 to 1.5 per cent) was 
excreted in the urine. No change in blood sugar was observed. The 
four schizophrenic patients were treated by insulin shock and injections 
were made during deep coma. In order to eliminate the factor of muscular 
exercise, patients were chosen who went into shock quietly without strug- 
gling. It may be seen that the changes in pyruvate, B. B.8., and lactate 
were essentially the same. The rate of removal of injected pyruvate is 
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TasBie III 
Blood Changes after Intravenous Injection of 18.8 Gm. of Sodium Pyruvate 
The results are expressed in mg. per cent. 


Middle of Suis. 10 min. 45 min. 90 min. 





Subject No. 0 min. injection 
Pyruvie acid — 
1 Re 16.1 9.31 2.86; 1.20 
2 0.96 17.8 21.5 12.4 1.80 | 1.28 
3 1.00 27.2 | 19.5 16.9 | 2.95 1.75 
4 1.14 32.6 24.7 6.70 4.52 | 2.17 
5 1.10 22.7 13.2 8.20 1.95, 1.12 
6 0.92 13.0 4.82 2.02 | 
7 1.03 11.0 4.62 1.88 
Average change +20.2 +15.8 | +7.9 | +1.53 +0.64 
Lactic acid 
1 10.2 11.5 14.4 10.0 8.2 
2 6.5 11.0 20.5 21.1 9.8 6.6 
3 6.0 11.0 19.4 19.4 11.1 7.6 
4 9.1 11.4 16.2 16.8 13.9 9.2 
5 7.7 9.2 17.5 17.1 9.8 6.1 
6 7.0 13.0 14.5 7.5 
7 6.3 8.2 16.3 10.4 
Average change +2.7 +9.1 +10.4 +2.8 0.0 


B. B. S. other than pyruvie acid 


1 3.08 9.50 9.3 5.06 4.34 
2 4.78 7.9 6.1 6.5 4.63 4.47 
3 3.68 1.2 9.6 9.8 6.79 | 4.17 
4 4.44 8.0 13.6 10.7 6.0 {| 7.1 
5 4.38 12.8 7.6 4.9 6.1 4.6 
6 3.02 8.0 6.0 5.7 3.9 
7 4.04 6.7 6.3 4.7 
Average change | +4.5 +5.1 | +3.3 +1.7 | +0.9 
Average change in insulin shock (4 subjects) 

Pyruvie acid +21.7 +15.9 +6.7 +1.08  +0.42 

Lactic ” +2.1 +8.1 +10.9 +2.9 +0.2 

B. B.S. other than pyruvie acid +5.2 +6.3 +4.6 +1.2 +0.2 


therefore the same regardless of whether insulin is absent (10) or present 
in either normal or excessive amounts. In six additional schizophrenic 
patients undergoing insulin shock treatment, blood pyruvate showed, in 
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agreement with observations of Elliott e¢ al. (18), no change during the 
shock despite the fact that the blood sugar fell to levels below 20 mg, 
per cent. 


SUMMARY 


1. In human subjects, a single injection of glucose was followed by a 
rise in pyruvic and lactic acids in the blood, which returned to the normal 
levels in about 2 hours. A continuous infusion of glucose produced a rise 
in blood pyruvate which was sustained as long as the infusion was con- 
tinued. Insulin had no effect on the pyruvic acid curves after a single 
glucose injection, but produced a further rise in the pyruvic acid level 
during continuous glucose infusion. 

2. When either sodium dl-lactate or sodium d-lactate was injected, a rise 
in blood pyruvic acid occurred. The rise in pyruvate was greater with 
sodium d-lactate. 

3. Pyruvate injection produced a rise in blood lactate and carbony] 
compounds other than pyruvic acid. Injected pyruvate disappeared more 
rapidly from the blood than the same amount of d-lactate. These changes 
were not affected by the injection of large amounts of insulin. 

4. No changes in the glucose content of the blood after either pyruvate 
or lactate injections were observed. 
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THE PREPARATION OF HEXOSE DIPHOSPHATE, HEXOSE 
MONOPHOSPHATE, AND PHOSPHOGLYCERIC ACID* 


By K. P. DuBOIS anv V. R. POTTER 


(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison) 


(Received for publication, October 27, 1942) 


In order to study the isolated component reactions of the glycolytic 
scheme, it is necessary to have available in pure form the phosphorylated 
intermediates involved in these reactions. The present paper describes 
the preparation of hexose diphosphate, hexose monophosphate, and phos- 
phoglyceric acid by a method which has two advantages: (1) all three 
compounds are prepared from a single fermenting mixture and (2) fresh 
yeast is employed, thus eliminating the uncertainties of dried yeast pre- 
parations and Lebedev extracts, in addition to eliminating considerable 
unnecessary manipulation and testing of extracts. So far as we are aware, 
there have been no methods published for the preparation of the hexose 
phosphates from fresh yeast. 

The method most commonly used for the preparation of hexose diphos- 
phate and hexose monophosphate has been that of Robison and Morgan (1) 
as modified by Warburg and Christian (2). This method involves the use 
of Lebedev extract, which has been consistently used as the source of the 
phosphorylating enzymes by various workers. The fact that an inactive 
Lebedev extract is frequently obtained has been the cause of considerable 
difficulty. Since the preparation of the aqueous extracts from the same 
dried yeast sample on successive days often yields extracts of widely dif- 
ferent fermenting ability, it is possible that investigators have discarded an 
active yeast because of their inability to obtain an active extract. The 
precautions which must be taken in drying the yeast in order to obtain the 
proper amount of autolysis of the yeast cells also suggested the desirability 
of elimination of these steps by using fresh veast. 

Neuberg and Kobel (3) have described a method for the preparation 
of 3-phosphoglyceric acid with dried yeast autolyzed for 3} hours. Vercel- 
lone and Neuberg (4) found that fresh yeast treated with toluene could be 
substituted for dried yeast. They catalyzed the phosphorylation process 
by the addition of a 3 per cent solution of hexose diphosphate, used fluoride 
to stop the further breakdown of phosphoglyceric acid, and used acetal- 
dehyde as the hydrogen acceptor so that phosphoglyceraldehyde was 
converted to phosphoglyceric acid. Ostern and Guthke (5) found that the 


* This work was aided by the Jonathan Bowman Fund for Cancer Research. 
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addition of hexose diphosphate was unnecessary, provided they allowed a 
preliminary phosphorylating period. 

By analytically determining the concentrations of the three esters through- 
out the incubation period in a mixture similar to that used by Ostern and 
Guthke (5) and by varying the conditions in order to obtain a maximum 
yield of each of the three esters, we have been able to prepare hexose diphos- 
phate, hexose monophosphate, and phosphoglyceric acid from the same 
yeast-fermenting mixture, which is prepared with fresh yeast and is there- 
fore more easily reproduced. Experiments with both dried yeast and 
Lebedev extracts were carried out, and, although highly active extracts 
were obtained, the results were no better than with fresh yeast. 


Method 


Bottom yeast' was washed four or five times with cold distilled water 
by decantation until the supernatant liquid was clear. The final super- 
natant liquid was decanted off, and the yeast was filtered through Filter 
Cel on a Buchner funnel. The resulting pressed yeast was stored at 
0°. The moisture content was about 75 per cent. 

For the preparation of the phosphorus esters, 100 gm. of fresh yeast were 
mixed with 12.5 cc. of 10 per cent glucose (both c.p. glucose and commercial 
cerelose were used) and allowed to stand 15 minutes at 37°. Next, 150 
ec. of 40 per cent glucose and 150 cc. of 0.67 mM Na,HPO, + NaHe2PO, 
buffer at pH 7.0 were added and the mixture was allowed to stand at 37° 
for 40 minutes. We found that pH 7.0 was optimum. Then 12.5 ce. of 
toluene were added and the mixture was allowed to stand at 37° for 3 hours 
with frequent stirring and at the end of the 3 hour period 12.5 cc. of 0.5 M 
fluoride were added. In measuring the concentration of hexose diphosphate 
at various periods of time, we noted that its concentration decreased in 
about 10 hours after the addition of fluoride. This decrease could be elimi- 
nated if more glucose and phosphate were added; therefore, we added one- 
half the original quantity of phosphate and glucose after the addition of 
fluoride. The mixture was then allowed to stand 12 to 20 hours at room 
temperature. The concentration of each of the esters was measured at 
various intervals during the fermentation period in order to determine the 
time when a maximum concentration of each of the desired esters occurred. 
We found, as shown in Fig. 1, that the three esters should be isolated be- 
tween 12 and 24 hours after the beginning of the incubation period. 

A quantity of 100 per cent trichloroacetic acid equal to 4 per cent of the 
total volume was then added and, after standing for 20 minutes at 0°, 


‘The yeast was furnished by the Fauerbach Brewing Company, Madison, 


Wisconsin. 
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the mixture was centrifuged. The toluene adhered to the precipitate, 
which was discarded. 

Robison and Morgan (1) experienced difficulty in separating hexose 
diphosphate from a crude precipitate containing much inorganic phosphorus, 
because the solubility of barium hexose diphosphate was much decreased 
in the presence of inorganic phosphorus. We eliminated this possible dif- 
ficulty by removing the inorganic phosphorus as magnesium ammonium 
phosphate. The supernatant solution was made alkaline by addition of 
ammonium hydroxide, and magnesium acetate was carefully added until 
no more precipitate was formed. The precipitate of magnesium ammonium 
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Fic. 1. Rate of formation of phosphorus esters by toluene-treated yeast. Curve 
A, phosphoglyceric acid; Curve B, hexose diphosphate; Curve C, hexose mono- 
phosphate. 


phosphate was filtered off and discarded. Barium acetate equal to the 
weight of sodium phosphate used was added, and the pH was adjusted to 
8.4 with Ba(OH).. This precipitate, which we refer to as Precipitate 1, 
was centrifuged down, washed with alcohol and then with acetone, and 
dried. It consisted chiefly of barium phosphoglyceric acid and barium 
hexose diphosphate. 

Since barium hexose diphosphate is soluble to the extent of 1 gm. in 200 
cc. of solution, it is not completely precipitated by the first barium acetate 
treatment. If aleohol is added in a quantity equal to 10 per cent of the 
total volume of liquid, then the remaining barium hexose diphosphate is 
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precipitated (1). This precipitate was washed with alcohol, then with 
acetone, and dried in a vacuum desiccator. This precipitate is referred 
to as Precipitate 2. 

Hexose monophosphate forms a soluble barium salt and therefore re- 
quires special treatment for its separation. For its isolation, the procedure 
of Robison and Morgan (1) as modified by Warburg and Christian (2) 
was used. To the supernatant from Precipitate 2, 100 cc. of solution of 
lead subacetate, uU.s.p., were added. The lead precipitate was centrifuged 
down and washed with water. It was decomposed with hydrogen sulfide, 
and the lead sulfide was then filtered off and again treated with hydrogen 
sulfide. The combined filtrates were aerated thoroughly, then treated with 
barium hydroxide to pH 8.4, and the small precipitate which formed was 
filtered off and discarded. The filtrate which contained the barium hexose 
monophosphate was poured into twice its volume of alcohol. The pre- 
cipitate was centrifuged down, washed with alcohol, then with acetone, 
and dried in a vacuum desiccator. This is referred to as Precipitate 3. 

Separation of Compounds in Crude Precipitates—Since we desired to 
isolate the three esters from the same fermentation mixture, it was necessary 
to precipitate the phosphoglyceric acid and the hexose diphosphate to- 
gether and then separate them by fractional solubility. Warburg and 
Christian (6) have described a method for separation of hexose diphosphate 
and phosphoglyceric acid in which the hexose diphosphate is hydrolyzed. 
This method was not applicable here, however, because we desired to isolate 
both of the compounds. 

Crude Precipitate 1 was freed from hexose monophosphate by triturating 
it with 5 times its weight of water. The remaining precipitate was dried 
and then triturated with 200 times its weight of water at pH 8.4 (1). The 
barium hexose diphosphate was thus dissolved. To the solution of barium 
hexose diphosphate was added a quantity of alcohol equal to 10 per cent 
of the total volume (1). The barium hexose diphosphate thus precipitated 
was centrifuged down, washed with alcohol and then with acetone, dried, 
and later combined with the hexose diphosphate from crude Precipitate 2. 

The remainder of the crude Precipitate 1 contained the barium phospho- 
glyceric acid. This precipitate was dissolved in dilute hydrochloric acid, 
and dilute sulfuric acid was then added to remove all of the barium. 
Ammonium hydroxide was then added until the mixture was alkaline, and 
magnesium acetate was added until no further precipitate formed. Any 
inorganic phosphorus which might be present was thus removed (3-5). 
After the filtrate was neutralized with glacial acetic acid, 15 cc. of glacial 
acetic acid and 12 gm. of barium acetate were added. The small pre- 
cipitate which formed immediately was filtered off and discarded. The 
filtrate was treated with an equal volume of alcohol and allowed to stand 








K. P. DUBOIS AND V. R. POTTER 45 


for 24 hours at 0°. The precipitate was filtered off, washed with water, 
and treated with 2N HCl to pH 3 to 5. The insoluble portion was filtered 
off, washed with alcohol, then with acetone, and dried in a vacuum desiccator, 
yielding 3 gm. of phosphoglyceric acid with a purity of 98 per cent based 
on total phosphorus analyses. After 100 minutes hydrolysis, no inorganic 
phosphate appeared, indicating absence of hexose diphosphate. 

Crude Precipitate 2 was triturated with 5 times its weight of water to 
dissolve the hexose monophosphate. The remaining precipitate, after 
drying, was triturated with 200 times its weight of water, and a quantity 
of alcohol equal to 10 per cent of the total volume of liquid was added. 
The solution was heated to 70° and filtered hot. The precipitate of barium 
hexose diphosphate was washed with alcohol, then with acetone, and dried. 
After the material was combined with the hexose diphosphate from Pre- 
cipitate 1 and reprecipitated, the purity was 92 per cent, as estimated by 
determining spectrophotometrically the quantity of fructose present accord- 
ing to Roe’s modification (7) of the Seliwanoff test. When organic phos- 
phorus was calculated as hexose diphosphate, the purity was 95 per cent. 

Crude Precipitate 3 was triturated with 5 times its weight of water, and 
the solution was added to twice its volume of alcohol. The barium hexose 
monophosphate was centrifuged down, washed with alcohol, then with 
acetone, and dried rapidly in a vacuum desiccator. The calcium salt was 
prepared according to the procedure of Warburg and Christian (2). The 
vield was 2 gm. of the barium salt which was 85 per cent pure. The purity 
increased to 97 per cent after reprecipitation from alcohol. 

The sodium salts may be prepared by adding the calculated quantity 
of sodium sulfate to an acid solution of the barium salts. 


SUMMARY 


|. Existing methods for the preparation of hexose diphosphate, hexose 
monophosphate, and phosphoglyceric acid have been combined with the 
necessary modifications for separation of all three of the compounds from 
one yeast fermentation mixture. 

2. Toluene-treated fresh brewers’ yeast, instead of the usual Lebedev 
extract, was used as the source of the fermenting enzymes. 


Addendum—Neuberg and Lustig (8) have just published a simplified method for 
the preparation of calcium hexose diphosphate by which the uncertainties of dried 
yeast or Lebedev extract are also eliminated and in which fresh bakers’ yeast is 
used. 
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PENICILLIN B, AN ANTIBACTERIAL SUBSTANCE FROM 
PENICILLIUM NOTATUM* 
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AND EDWARD A. DOISY 


(From the Departments of Bacteriology and Biochemistry, St. Louis University School 
of Medicine, St. Louis) 


(Received for publication, November 3, 1942) 


The interesting discovery that molds elaborate substances that are 
capable of inhibiting the growth of certain bacteria has recently stimulated 
extensive investigation of these phenomena. 

In 1929 Fleming (4) reported the presence of an antibacterial substance 
which he called penicillin in culture media of a strain of Penicillium notatum. 
This material could be extracted from a concentrate with absolute alcohol 
but not with ether or chloroform. Clutterbuck, Lovell, and Raistrick (5) 
found that penicillin was completely extracted with ether at pH 2 but only 
partly at pH 7.2. These workers attributed Fleming’s negative results 
with ether extraction to the fact that his filtrates were alkaline in reaction. 

Recently, Abraham et al. (1, 2) obtained a purified antibacterial substance 
from culture media of this mold which was an acid containing nitrogen 

‘soluble in ether, acetone, amyl acetate, and chloroform. Meyer et al. 
(6) have prepared a potent chloroform-soluble acid which also contains 
nitrogen. It has been assumed that these investigators have been dealing 
with the same material characterized by its solubility in organic solvents. 

In this communication we wish to report an antibacterial substance, 
penicillin B, produced by Penicillium notatum, which is insoluble in lipid 
solvents but readily separated from the culture medium by adsorption on 
benzoic acid. Upon purification the substance appears to have the prop- 
erties of a protein and is highly effective in vitro against both Gram-nega- 
tive and Gram-positive organisms. The purest preparation obtained to 
date is a light vellow powder soluble in water but not in fat solvents. It 
is stable when dry and moderately stable in solution in the pH range 2.5 
to 8. 


* For convenience we shall refer to our product as penicillin B to differentiate it 
from the product obtained by Abraham et al. (1,2) which we shall call penicillin A. 
Although penicillin B may be similar to “penatin’’ reported by Kocholaty (3), the 
absence of a discussion of its chemical properties prevents a comparison of the two 
products. 

t Lalor Foundation Fellow, 1942-43 
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Production of Penicillin B 


Organism Employed—Three different strains of Penicillium notatum 
which had their origin in the strain isolated by Fleming in 1929 were studied 
in this work. The capacities of these strains to produce antibacterial 
substances were compared and found to differ only very slightly. The 
majority of the investigations herein reported have been carried out on the 
culture fluids resulting from the growth of a single strain chosen from the 
above three. 

Medium—The medium which we employ is that suggested by Clutter- 
buck, Lovell, and Raistrick (5). This is a modification of the Czapek-Dox 
medium and has the following composition: NaNO; 3.0, KH,PO, 1.0, 
KCl 0.5, MgSO,-7H,O 0.5, FeSO,-7H,O 0.01, and glucose 40.0 gm., and 
H,O in a quantity sufficient to make 1000 ml. From 1500 to 2000 ml. of 
this solution are placed in Erlenmeyer flasks of 2 or 3 liters capacity. These 
are plugged with non-absorbent cotton and sterilized in the autoclave at 
15 pounds of steam pressure for 1 hour. After sterilization the pH of this 
medium is 4.5. 

Pyrex baking dishes having internal dimensions of 12 & 7.5 X 2 inches 
serve as culture vessels. These trays are covered with plain glass lids 
which extend beyond the edges of the vessels. The trays (with lids in 
place) are sterilized in the hot air oven at 165° for 1} hours. Upon cooling, 
they are removed to the incubation room and charged with the sterile 
medium, each vessel receiving a quantity of approximately 800 ml. 

The inoculum is prepared from young sporulating cultures of Penicillium 
notatum on slants of Sabouraud’s maltose agar by flooding the surface 
growth with sterile Clutterbuck’s medium and emulsifying the spores to- 
gether with some of the vegetative portions of the plant by means of a sterile 
platinum loop. This suspension is removed with a pipette and added to 
the sterile medium in the culture dishes in appropriate amounts. In- 
cubation is carried out in a specially constructed room at a temperature 
of 24°. 

The development of the mold culture is followed from day to day by 
observing the character of the surface growth, and by determining the pH 
and antibacterial potency of the underlying medium. All pH determina- 
tions are carried out electrometrically and the potency tests are performed 
as described in a later section of this report. Usually a thin surface felt 
of mold mycelium forms during the first 2 or 3 days of incubation and the 
reaction of the culture fluid becomes more acidic. The mycelium continues 
to develop rapidly until the 4th or 5th day, at which time it is thick, tough, 
and usually shows abundant sporulation. At this time the hydrogen ion 
concentration attains a maximum of approximately pH 2 and slight anti- 
bacterial activity is demonstrable. Further alterations in the mycelium 
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which consist of the wrinkling of the felt and the deepening of its green color 
are detectable. After about the 5th day of incubation the hydrogen ion 
concentration decreases slowly and the antibacterial potency increases 
until, at approximately the 12th day, the reaction reaches pH 4.0 and the 
fluid attains its maximal antibacterial potency, normally between 1250 and 
5000 units per ml. Continued incubation results in a decline in anti- 
bacterial potency and a steady decrease in the hydrogen ion concentration 
until neutrality is reached. 

The mold culture fluid is harvested when the assays indicate that it has 
attained a high degree of potency. Harvesting is accomplished by sliding 
the lids of the trays back slightly and pouring the liquid from beneath the 
mold felt into a carboy which is immediately removed to the refrigerator 
for processing. 

Method of Assay—The sample prepared and maintained at a temperature 
not exceeding 15° is diluted in accordance with its anticipated potency. 
The diluent used is the routine sterile Clutterbuck medium which has been 
cooled to 15° in the refrigerator. Serial dilutions in the same type of medium 
are then prepared in a series of test-tubes by mixing 1 ml. of the initial 
dilution with an equal amount of the cold sterile medium in the first tube, 
transferring 1 ml. of the mixture to 1 ml. of medium in the second tube, 
ete. The number of such dilutions prepared is in accordance with the 
anticipated activity of the sample. These tubes are immediately placed 
in the refrigerator, where they remain until the inoculum is added. 

The test organism is Staphylococcus aureus (F strain). A stock culture 
of this organism is maintained by transfer at 14 day intervals on meat ex- 
tract-peptone agar slants. In the preparation of the inoculum, a small 
amount of such a culture is placed in 5 ml. of sterile meat extract-peptone 
broth and incubated for 4 hours at 37°. This culture is then appropriately 
diluted with the following medium (cooled to 15°) so as to result in the 
presence of from 2 to 3 million viable cells per ml., as determined by 
plate count set up at the time of dilution and read the following day: 
beef extract (Difco) 0.3, peptone (Difco) 1.0, lactose 1.0, and brom-cresol 
purple 0.0015 per cent. 

1 ml. of this suspension is placed immediately in each of the tubes con- 
taining the previously diluted test samples. The final reaction is pH 6.8. 
These are then incubated at 37° for 15 hours. Following incubation, the 
tubes are examined for the presence of visible turbidity and accompanying 
acid production as indicated by the color of the brom-cresol purple. Such 
readings are clear cut and distinct. 

The results are reported in terms of the number of arbitrary units of 
antibacterial material contained in 1 ml. of the original test sample. A 
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unit is considered to be that amount of material which will prevent the 
development of visible turbidity and the production of acid by Staphylo- 
coccus aureus under the above conditions. As a control, a standard sample 
of penicillin B is tested daily along with the unknown preparations. 


Purification and Properties 


Method of Preparation—Since some batches were found to lose their 
activity rather rapidly, the processing of the culture medium is started as 
soon as possible after the harvesting. For the same reason, the entire 
procedure is carried out in the cold room. The harvested medium is filtered 
and the pH adjusted to 3.5 with 10 per cent phosphoric acid. Alcohol 
saturated with benzoic acid (50 ml. per liter of medium) is added slowly 
with adequate stirring. After the precipitated benzoic acid has settled, 
the supernatant liquid is siphoned off and the solids collected on a Buchner 
funnel. The filter cake is washed with a volume of cold water (saturated 
with benzoic acid) approximately equal to the volume of the cake. The 
filter cake is pressed as dry as possible but not dehydrated completely, 
since this causes inactivation. Once the material is adsorbed, it is ap- 
parently quite stable for at least several days if it is kept moist and cold. 

The benzoic acid cake is then dissolved in a volume of cold acetone 
equal to twice the volume of the alcoholic benzoic acid used. The insoluble 
material is allowed to settle out and is collected by centrifugation after 
the clear supernatant solution is siphoned off. This crude precipitate, after 
being washed twice with acetone, may be dried in a vacuum desiccator or 
may be used directly to obtain more highly purified material. 

This crude preparation may be purified in either of two ways. First 
it may be extracted with 3 to 4 volumes of cold water. A second extraction 
usually gives only about a 10 per cent increase in the yield. To this aqueous 
extract is added } of a volume of cold acetone. The precipitate which forms 
is usually relatively inactive and is discarded. A second addition of the 
same volume of acetone precipitates the bulk of the activity. It is centri- 
fuged, washed with acetone, and dried in a vacuum desiccator. This is the 
purified penicillin B. 

The alternative method is to extract the crude material first with 50 
per cent acetone. This generally removes little if any of the activity. 
Two extractions are then made with 2 or 3 volumes of 30 per cent acetone, 
which usually results in the complete extraction of the active material. 
The acetone concentration is increased to 50 per cent and the resulting 
precipitate is centrifuged, washed with acetone, and dried in vacuo over 
CaCl. This purified product is comparable in every way to that obtained 
by the first method. 

Thirty-five separate batches of harvested medium varying in volume 
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from 15 to 115 liters have been processed by this procedure. The benzoic 
acid removes practically all of the activity from the medium; at least, 
little remains after the adsorption. However, the amount of activity 
extracted from the crude material obtained from the benzoic acid has varied 
from 10 to 100 per cent with an average recovery of 50 per cent. The 
purification of this crude product results in the elimination of about 90 
per cent of the solids and in the recovery of 50 to 100 per cent of the activity. 
The potency of purified penicillin B has ranged from 12,500 to 200,000 units 
per mg. with an average of about 50,000. 

Chemical Properties—In view of the extraordinary potency of cur product 
in comparison with other antibacterial agents, it seemed desirable to make a 
preliminary survey of the chemical properties which may be of value in the 
continuation of this work. This was done with the realization that the 
presence of impurities may be responsible for some of the reactions and that 
further purification may require revision of some of these findings. 

The dry purified preparations retained their activity for at least 5 to 6 
months. In solution between pH 3.0 and 6.8 at 25° this material is stable 
for at least a month but at pH 2 or above pH 8 at this temperature, or at 
pH 3.8 at 47°, inactivation proceeds rapidly. 

Treatment with H,O, or Na2SO; at pH 7 or with HCN at pH 3.8 does 
not decrease the activity. However, glacial acetic acid, formic acid, con- 
centrated phthalate buffers, and alcohol in the presence of a sufficiently 
high concentration of salts, cause complete loss of potency. 

These purified products contain material precipitable by trichloroacetic, 
tannic, tungstic, flavianic, or rufianic acid. In these instances no activity 
remains in the supernatant solutions. It is possible to regenerate a part of 
the activity from the tannic acid precipitate. At pH 4.6, Hg salts produce 
a precipitate but the proportion of the activity removed was not investigated. 
Ba, Cd, Cu, Mg, and Zn salts under the same conditions do not cause pre- 
cipitation. The active principle is completely salted-out from aqueous 
solution by two-thirds saturation with (NH,)SO, or by full saturation with 
MgSO, and is not dialyzable through Visking tubing. 

Penicillin B is readily soluble in water but completely insoluble in ether, 
chloroform, butanol, amyl acetate, methylene chloride, acetone, ethyl or 
methy! alcohol, pyridine, glycerol, dioxane, propylene glycol, and form- 
amide. It is precipitated from aqueous solution by 50 per cent acetone or 
66 per cent methyl alcohol. 

The biuret, ninhydrin, xanthoproteic, Hopkins-Cole, Millon, Sakaguchi, 
Ehrlich’s diazo, and Molisch tests are positive. The test for reduced sulfur 
with alkaline lead acetate is positive. A decrease in activity is not produced 
by the action of pepsin at pI 3.8, trypsin at pH 5.7, or taka-diastase or 
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emulsin at pH 6.8. Papain (activated with HCN) at pH 3.8 causes almost 
complete inactivation in 24 hours. 

The isoelectric pH, determined in the apparatus described by Cohn, 
Irving, and du Vigneaud (7), is 4.4 and the nitrogen content of two samples 
was 9.7 and 8.2 per cent (Dumas). Evidence has been obtained which 
indicates that free amino groups are not necessary for the activity. 1 mg, 
of purified penicillin B per ml. of a mixture of equal parts of 2m NaNOs: and 
0.5 mM acetate buffer (pH 4.5) showed no loss in activity in 30 minutes at 
25° or in 2hoursat 10°. Inasimilar concentration in 0.2 Mm phosphate buffer 
(pH 7.2), it was not inactivated by phenyl isocyanate in 30 minutes at 25°, 
Likewise, formaldehyde failed to decrease the potency. 

When a suspension of 10 mg. of this material in 15 ml. of anhydrous 
methanol is saturated with dry hydrogen chloride at 0°, a clear light yellow 
solution results from which the derivative can be precipitated by absolute 
ethyl ether. The product has no antibacterial activity. Ketene acetyla- 
tion in molar acetate buffer (pH 6.4 to 7.4) causes the formation of a water- 
insoluble precipitate within 5 minutes accompanied by an 80 per cent 
loss of activity in the supernatant solution. Treatment withanthraquinone- 
8-sulfonie acid or benzyl thiuronium chloride does not yield a precipitate 
or produce inactivation. When coupled with diazotized sulfanilic acid 
(as in the determination of histidine) a red-orange color is produced and the 
activity is destroved. 

The activity is adsorbed readily from aqueous solution by alumina gel 
or by passage through a column of Decalso.'. In both cases elution is ac- 
complished with | to 10 per cent (NH4)SO,. 1 per cent NH yC.H;Q, also 
removes the adsorbed material from the Decalso. Norit, Permutit, and 
benzoic acid were found unsatisfactory for use in adsorption columns. 

Studies of the ultraviolet absorption spectra of three samples of penicillin 
B have given the results shown in Table I. The maximum absorption at 
2770 A. and the minimum absorption at 2510 A. resemble the values found 
by Darby (8) for papain. Based on the results of Holiday (9), who found 
a double peak at 2730 and 2800 A. for tyrosine in acid solution and a single 
peak for tryptophane at 2750 A., Darby suggests that the position of the 
maximum absorption is due to the presence of these two amino acids in 
papain. According to the Millon and Hopkins-Cole tests, tyrosine and 
tryptophane are present in purified penicillin B. 

The discrepancy between the activities and the values for Ei'{,. may 
be due to the difficulty of obtaining accurate assays or to the likelihood that 
inactivated material may show absorption at the same wave-lengths. 

Influence of Yeast, Brown Sugar, and pH on Culture—Since the active 
material produced by our procedure was found to be insoluble in fat 


! Obtained from The Permutit Company, New York. 
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solvents, an attempt was made to duplicate in this regard the findings of 
Chain and Meyer and to compare the yield of fat-soluble material with that 
obtained by benzoic acid adsorption. The data are shown in Table II. 


Tasie | 
Ultraviolet Absorption of Penicillin B 
ai 


Sample No. Activity _ 


2770 A. (maximum) | 2510 A. (minimum) 


unils per mg. 


I 100,000 1.62 1.05 

II 16 , 000-32 , 000 0.79 

Ill 12, 000-25 , 000 1.10 
TABLE II 


Influence of Yeast, Brown Sugar, and pH on Microbial Antagonists of 
Pencillium notatum 




















Harvest ee Harvest 
Kind Titer | Ether | Benzoic | Kind | Titer | Ether | Benzoie 
| 
only per | | | | —_ per 
Yeast 160,000! 80,000, 64,000) Brown sugar.. | 160,000/12,000*} 19,000 
a 160,000 64,000 48,000 “ “ 40,000) 1,000*| >350,000 
a < 20,000 128,000) 30,000, “ « | 40,000} 8,000 | >300,000 
“ 80,000 32,000, 8,000 “ < 20, 000/32,000 | >830,000 
™ : < 20,000! 32,000)100,000! Routine | 
harvested, | 
pH 7 80,000'64,000 | 64,000 
“ _... €20,000 64,000 a “ | 320,000)16,000 | >650, 000 
“ _... €20,000'<4,000) 6,000 | | 
“ < 20,000) 80,000 
“ <20,000, 4,000 700) 
Brewers’ yeastt | 160,000) 4,000 | 
Bakers’ “ ¢ | 40,000) 64,000) | | | 


* Extracted with CHCI, according to the procedure described by Meyer et al. (6). 
t 10 per cent fresh bakers’ yeast or 5 per cent dried brewers’ yeast in place of 1.5 


per cent yeast extract (Difco). 


The media referred to as “yeast”? harvests were prepared and cultured as 
described by the British investigators (1) with the exception that 1.5 per 
cent of commercial yeast extract (Difco) was used. Those referred to as 
“brown sugar” harvests differed from the media of Hobby, Meyer, and 
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Chaffee (10) in that C and H brand brown sugar was used in place of Jack 
Frost brand. In these media a maximum antibacterial activity of 160 
to 320 units per ml. was attained on about the 7th day of incubation at 
which time the pH was about 6.0. 

The “yeast”? media usually contained an ether-soluble antibacterial 
agent. The quantity of this material, which was obtained by extracting 
the cold medium (0°) at pH 2, was independent of the titer of the medium, 
The amount of activity obtained by the benzoic acid method was comparable 
to that obtained by ether extraction, but this material was insoluble in 
ether. These results seem to indicate that two separate antimicrobial 
substances may be produced by Penicillium notatum in the same culture 
medium. It is interesting to note that the yields by either method bore no 
relationship to the titer of the untreated harvest. In some instances much 
more activity was obtained than was indicated by the assay of the crude 
medium. The significance of this is not understood but it is possible that 
the acidification results in the liberation of the active principle or principles, 
since the yield by the benzoic process was greatly increased by adjusting the 
pH of the harvested media to 3.5. An acidity greater than this resulted 
in an inactivation of this material. 

The results with the “brown sugar” harvests were essentially the same 
except that the yield by our adsorption process was generally much greater 
than that obtained by ether or chloroform extraction. Apparently, in 
this medium the benzoic acid-adsorbable principle was produced more 
abundantly than the fat-soluble one. Here again there was no relationship 
between yield and titer of the harvest. 

In two instances in which our routine medium was allowed to incubate 
until pH 6 to 7 was reached, the ether-soluble principle could be demon- 
strated. This was not the case when it was harvested at pH between 4 
and 5. 

Toxicity—We have thus far been unable to prepare a potent product 
which is non-toxic to mice. About 0.25 mg. (representing 3000 to 50,000 
units) of most preparations given subcutaneously in a single injection to a 
25 to 30 gm. mouse causes death in 3 to 24 hours. However, larger 
quantities are tolerated when small, repeated injections are made over a 
period of several days. Apparently the substance does not have a cumula- 
tive toxicity. 

Thus far, attempts to detoxify this substance have been unsuccessful. 
Treatment with nitrous acid, pepsin, norit, benzyl thiuronium chloride, 
and ketene did not reduce the toxicity. Fractional precipitation with 
acetone and with (NH,4)2S80x,, adsorption and fractional elution from Decalso, 
and electrophoresis also failed to yield any product that was appreciably 
less toxic. While we have obtained inactive fractions which were toxic, 
we have not obtained an active preparation which was not toxic. 
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Bacteriological Properties 


The cultural studies which have been undertaken have dealt for the most 
part with purified penicillin B. The test organism in many of these in- 
vestigations has been the same strain of Staphylococcus aureus which is 
employed routinely in the assay work. Other species of bacteria also have 
been included and several observations of bacteriological interest have 
been made. 

It soon became evident that glucose is a necessary ingredient of the 
culture medium if the striking antimicrobial action of the active principle 
is to be observed. While very small amounts of this material inhibit the 
growth of Staphylococcus aureus in a peptone broth containing glucose, 
much larger quantities fail to prevent growth in a peptone medium without 
glucose. A somewhat less complex medium was devised for use in cultural 
tests. This contains no peptone and is composed of Casamino Acids (Difco) 
together with small amounts of nicotinic acid and thiamine. It supports 
the growth of Staphylococcus aureus but without the addition of glucose is 
unsatisfactory for the demonstration of the antibacterial effects of the active 
agent. 

Experiments were carried out to determine whether other carbohydrates 
and related compounds might exhibit an effect similar to that of glucose. 
A medium containing peptone and NaCl was prepared and to it was added 
the carbohydrate (1 per cent) under investigation together with varying 
amounts of penicillin B. d-Glucose, d-galactose, d-xylose, and I-xylose 
enhance the antibacterial activity of penicillin B, while d-mannose, d- 
levulose, dulcitol, d-mannitol, rhamnose, inositol, sorbitol, glycerol, lactose, 
sucrose, maltose, and raffinose do not have enhancing action. 

The four compounds which permit the demonstration of enhanced 
activity are not equally effective in this respect. Table III indicates the 
relative effectiveness of these carbohydrates as determined in the above test. 

In addition to Staphylococcus aureus, two other organisms (Escherichia 
coli and Salmonella schottmuelleri) have been studied in this manner in 
connection with glucose, lactose, and d-xylose and the results obtained 
have been similar to those observed when Staphylococcus aureus was 
employed as the test organism. 

The activity of penicillin B has been studied in relation to several differ- 
ent types of bacteria. The liquid medium employed in these tests (except 
in the case of the pneumococcus) contained 1 per cent peptone, 1 per cent 
glucose, and 0.5 per cent NaCl and was neutral in reaction. Table IV 
shows the relative degrees of activity observed with different test or- 
ganisms. 

From these results it is obvious that the substance is highly active against 
both Gram-positive and Gram-negative bacteria. These findings are in 
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contrast to those of Abraham ef al. (2) and of Hobby, Meyer, and Chaffee 
(10), who reported that penicillin (A) was relatively ineffective against the 


TaBe III 
Relative Effectiveness of Certain Carbohydrates on Antibacterial Activity of Penicillin B 
+ indicates growth of the test organism; — indicates complete inhibition of the 
test organism. 
Dilutions of active material in peptone medium (1 part active 


material dissolved in following million parts of medium 
Carbohydrate 


0.8 1.6 3.2 6.4 12.8 25.6 51.2 0 
Glucose — _ —_ - a ne 1 + 
Galactose _ - _ + re 1 ry 4 
d-Xylose _ - — + + 4 4 4 
l-Xylose _ 4. os +4 en i. i‘, rs 
Carbohydrate-free control + + + ie n 4 ste 


TaBLe IV 
In Vitro Activity of Penicillin B 
- indicates absence of visible growth; + indicates presence of visible growth. 


Concentration of antibacterial substance 
(1 part purified materia! dissolved in following 


Organism a. million parts of medium 
0.8 | 1.6 | 3.2 | 64 | 12.8 | 25.6| 51.2] 0 
Escherichia coli, Strain 1 — —|j;—/|-=— Si Rida! & | we 
“ * 3g — | |-| +i tl + +) 4+)4+/4 
Aerobacter aerogenes, Strain 2 — — —_j- + + + + + 
“ «“ “ 5 - —|/— +i +i +i +i +i + 
Proteus vulgaris, Strain 10 - ofa bata fam | he) eS 
Salmonella enteritidis, Strain 52 _ -— | ao | om | 4 4 ) 
- paratyphi Mears _ —_—J|—i[—l/—|] —| +! +] + 
Eberthella typhi Dorsett - —}/—/;/—|/—/—/| +] +] + 
Vibrio comma _ mlm lm lnm | me | te] +] + 
Brucella abortus ses -_ = a oi L L rs + 
- melitensis _ =a a5 3G ec ee Se ee 
= suis | me | oe fom Eom Ri | & 
Salmonella schottmuelleri, Strain 2 _ —-_|—_ | — SP Se Se oe 
Bacillus subtilis + ee ae a ee ee 
Staphylococcus aureus F 4 ee ee ee) Poe ne 
Diplococcus pneumoniae* III + eer ae ee ae ae ae 


* This organism was tested in a tryptose (Difco) broth containing 1 per cent 
glucose. 


majority of the Gram-negative bacteria tested. On the other hand, the 
results obtained in the present investigation with members of the Brucella 
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group and Escherichia coli are perhaps similar in nature to that reported 
by Kocholaty (3) for these organisms. 

Certain studies with Salmonella enteritidis brought to light a fact of 
some interest in connection with the rédle of glucose in the present cultural 
studies. A simple and completely synthetic medium was prepared ac- 
cording to the formula of Simmons (11) except that no agar or indicator 
was included. This liquid medium supports the growth of the organism 
satisfactorily and has the following composition: magnesium sulfate 0.2, 
ammonium dihydrogen phosphate 1.0, dipotassium phosphate 1.0, sodium 
citrate 2.0, sodium chloride 5.0 gm., and distilled H,O up to 1.0 liter. 

Penicillin Bis ineffective in preventing the growth of Salmonella enteritidis 
in this simple medium. However, when 1 per cent glucose is added, the 
active substance completely prevents growth in a dilution of 1:32,000,000. 
This indicates that the peptone and other complex nitrogenous components 
of the previously described culture media are not necessarily directly 
antagonistic to the active material. 

While the mode of action of penicillin B is not understood, it has been 
observed that such activity is bactericidal in nature rather than merely 
bacteriostatic. Subcultures from tubes of media where visible growth 
had been prevented by the penicillin B have yielded negative results re- 
gardless of the concentration of active substance present in the original test. 


SUMMARY 

A new antibacterial agent has been obtained from cultures of Penicillium 
notatum. 

This substance appears to be protein in nature and differs markedly from 
the penicillin described by other investigators. 

The method of preparation, assay, and the properties of this substance 
are described. 

Although it is quite toxie to mice, it does not have a cumulative action, 
thereby permitting the repeated administration of small doses over a 
prolonged period. 

Extremely small amounts of this substance are bactericidal for both 
Gram-positive and Gram-negative organisms. This activity is dependent 
upon the presence of certain carbohydrates. 


We are indebted to the Theelin Fund administered by the Committee on 
Grants for Research of St. Louis University for financial support and to 
Mrs. E. A. Doisy and Miss Lenore Klaus for their helpful technical as- 


sistance. 
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THE EFFECT OF DIETARY CALCIUM, PHOSPHORUS, AND 
VITAMIN D ON THE UTILIZATION OF IRON 


I. THE EFFECT OF PHYTIC ACID ON THE AVAILABILITY OF IRON* 
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Madison) 
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MeCance and Widdowson (1) have shown ferric phytate to be very in- 
soluble at an acidity corresponding to that which prevails in the stomach 
and in the small intestine. In fact, the determination of phytic acid is 
based on its precipitation with ferric chloride in dilute hydrochloric acid 
solution (1,2). As ferric oxide, which is difficultly soluble in dilute hydro- 
chloric acid, has been shown to be poorly absorbed (3-5), it seemed prob- 
able that ferric phytate might also be a poor source of iron for the animal. 
This possibility assumed more than academic interest, inasmuch as an 
attempt is now being made to correct the iron deficiency of patent wheat 
flour by the addition of ferric phytate. Furthermore, cereal grains as 
well as flour contain a considerable proportion of their phosphorus in the 
form of phytic acid (1, 6), which might affect the availability of the iron 
present. 

EXPERIMENTAL 


In view of the above circumstances, the effect of phytic acid on the as- 
similation of iron was determined in two series of experiments with rats. 
In the first series, phytic acid was added to a “‘synthetie’”! iron-low ration 
which had been supplemented with ferric chloride. In the second series, 
ferric phytate was prepared as such and then fed in a basal diet of whole 
milk. 

The “synthetic” iron-low ration was a modification of the diet com- 
pounded by Schneider and Steenbock (7). It was composed of heated 
egg white? 18, cottonseed oil® 5, and vitab‘ 4 parts with additions of vari- 
able amounts of a modified Wesson’s salt mixture and cerelose to make 
100. The basal salt mixture was composed of NaCl 105, KCI] 120, MgSO,-- 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station, Madison. 

' This term is used with full realization of its limitations. 

? Obtained from the Stein-Hall Company, Chicago. 

§ Wesson oil. 

‘A rice bran coneentrate obtained from the National Oil Products Company, 
Harrison, New Jersey. 
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7H,O 90, MnSO, 0.20, KeAl.(SO4)4-24H,0 0.09, NaF 0.57, KI 0.05, and 
CaCO, 219.44 parts. 2.14 per cent of this mixture was fed when phytic 
acid was the source of phosphorus. When phosphates were the source of 
phosphorus, the basal salt mixture was supplemented with an equimolecu- 
lar mixture of 137.84 parts of KH2PO, and 176.44 parts of K,HPO,. 
The amount of salts incorporated in the diet was then increased to 3.40 
per cent. 

In realization of the fact that a dietary excess of calcium has a depressing 
effect on the utilization of iron, the amount of this element fed was adjusted 
to an optimal level. The level of calcium selected was based on the data 
of Krieger and Steenbock (8). While these authors obtained good growth 
with 0.257 per cent of calcium in the presence of optimal phosphorus, cal- 
cification of the bones was not entirely normal. In view of this, the amount 
of calcium was increased to 0.35 per cent for an optimal intake. In some 
experiments it was fed at 4 times the optimal level. This increased the 
percentage of salts in the ration to 4.77 and 6.03 when the diet contained 
phytic acid and potassium phosphates, respectively. Similarly, the 
amount of phosphorus added, namely 0.25 per cent of the ration, was based 
on the data of Krieger, Bunkfeldt, and Steenbock (9). 

The calcium carbonate available from commercial sources® was found 
to contain too much iron for use in this experiment; viz., 167 y per gm. 
This was reduced to 7 y per gm. by the following treatment: The calcium 
carbonate was dissolved in a minimal amount of dilute hydrochloric acid. 
After the addition of a small amount of calcium carbonate until no further 
solution occurred, hydrogen sulfide was passed in for complete precipitar 
tion of the iron. After filtration and removal of the hydrogen sulfide by 
boiling, sodium carbonate, which had been shown to be low in iron, was 
added. The precipitate of calcium carbonate was washed thoroughly 
and dried. 

The phytic acid used was prepared from crude calcium phytate® accord- 
ing to the method of Boutwell (10). It was added to the ration as re- 
quired in the form of a concentrated solution. This solution contained 
108 mg. of phosphorus per cec., of which 8.1 mg. were inorganic. It was 
also contaminated with 0.90 mg. of ferric iron per ec. Suitable corrections 
were made for these constituents when incorporated in the diet. The 
amount of phytic acid fed was approximately 20 times the amount re- 
quired to form ferric phytate with the iron supplement. 

All the rats were given 40 y of 8-carotene in Wesson oil by dropper twice 
weekly. When vitamin D was fed, approximately 50 v.s.P. units (vios- 
terol) were given to each rat daily. The viosterol was dissolved in a small 


5 u.s.p., Merck and Company, Ine 
* Obtained from the E. A. Staley Manufacturing Company, Decatur, Illinois. 
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amount of ether, mixed into the ration, and the ether allowed to evaporate. 
Inasmuch as vitab is well known to be somewhat deficient in riboflavin 
for normal growth, 2 mg. of riboflavin were added to each kilo of ration. 
The constituents of the ration were mixed in | or 2 kilo quantities in an 
aluminum pan. To facilitate its incorporation in the diet, the vitab was 
diluted with a small quantity of water. 

In all the experiments, the iron supplement was corrected for the amount 
of iron in the basal ration. This amounted to 12 y of iron per gm. when 
phosphates were the source of phosphorus and 35 y of iron when phytic 
acid was the source of phosphorus. The total amount of iron given was 
kept at a fairly low level, namely 0.50 mg. per rat daily, in the first experi- 
ment. With this intake it was believed that under the experimental con- 
ditions it would be possible to obtain differences in hemoglobin production, 
or if this failed that differences in the storage of iron could be detected. 
The iron was added to approximately 3 gm. of the diet each morning in the 
form of a solution of ferric chloride to which a small amount of hydrochloric 
acid had been added to prevent precipitation. A solution of 0.10 mg. of 
copper as copper sulfate was also mixed into the 3 gm. portion of the ration. 
After this portion of the diet had been consumed, additional ration was 
fed. The total amount of ration fed was equalized for all rats in the dif- 
ferent groups. To avoid errors due to spilling, absorbent paper towels 
were placed below each cage and any spilled ration was returned to the 
feed jars each morning. Between feedings, the rations were stored in a 
refrigerator. 

The animals were prepared for the experiments by the Elvehjem and 
Kemmerer technique (11). At 21 days of age they were weaned and di- 
vided into groups, with due precautions to equalize the effect of any 
variations due to litter origin, weight, sex, and hemoglobin content. Each 
group contained six rats. The rats were kept in individual suspended 
cages made of zinc-covered wire, 2 meshes to the inch. 

Hemoglobin was determined in 0.02 cc. of blood taken from the tail. 
The blood was diluted with 5 ec. of distilled water and then with 5 cc. of 
dilute ammonium hydroxide. The color was read in an Evelyn photoelec- 
tric colorimeter with a 540 maz filter. 

For the analysis of body iron, the rats were killed by etherization and 
dried in an oven at 104°. The carcasses were then ashed in a muffle fur- 
nace at 600° for 2 hours after the addition of 10 cc. of a saturated solution 
of magnesium nitrate in ethanol and also of 2 gm. of irontlow calcium 
carbonate to minimize the loss of iron by volatilization. When necessary, 
the incineration was completed at a low temperature after the addition of a 
few ce. of iron-low nitric acid. The ash was dissolved in dilute iron-low 
hydrochloric acid and diluted to volume in redistilled water. Iron deter- 
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minations were then made on suitable aliquots by the amyl alcohol- 
thiocyanate colorimetric method as described by Jackson, Klein, and Wil- 
kinson (12) and modified by Nordfeldt (5). 

All the rations which were fed in the first series of experiments were 
checked for their iron, calcium, and phosphorus content. Iron was deter- 
mined by the method already described. Calcium was determined by the 
method of Meloche, Clifeorn, and Griem (13), and phosphorus by the 
method of Fiske and Subbarow (14). 

It is evident from Table I that, with an optimal intake of calcium, the 
addition of phytic acid, as compared with the addition of inorganic phos- 
phates, resulted in a reduction in the amount of hemoglobin produced. 
While the effect was not marked, it was significant because the rats were 
uniform in weight and the reduction occurred consistently. However, 
phytie acid apparently did not interfere measurably with the storage of 
iron; the increase in body iron was fully as great when the phosphorus was 
fed as phytic acid as when it was supplied in an equivalent amount in the 
inorganic form. When the calcium intake was increased to 4 times the 
optimal, the effect of phytic acid was the same although both hemoglobin 
and body iron were depressed by the excessive intake of calcium. This 
effect of calcium is well known (15-17). 

Attention is called to the fact that vitamin D had a beneficial effect on 
the production of hemoglobin at the lower level of calcium intake. At the 
higher level of intake no effect was produced. A similar effect of vitamin 
D on the total amount of body iron was observed, particularly when the 
diet contained optimal amounts of inorganic calcium and phosphorus. 
Additional experiments on the beneficial effect of vitamin D on the reten- 
tion of iron will be published later. 

In the second series of experiments, in which whole milk was used as the 
basal ration, two groups of sixteen rats each were given, respectively, a 
supplement of 0.20 mg. of iron as ferric ammonium sulfate or ferric phytate. 
In addition, each rat received daily 0.10 mg. of Cu as CuSO, and 0.10 mg. 
of Mn as MnSO,. The supplements were fed in a few cc. of milk in the 
morning. Additional milk was then fed ad libitum. 

The rats used were 21 days of age and weighed approximately 37 gm. 
They were distributed between the groups, as in the first series, to equalize 
variations due to sex, weight, litter origin, and hemoglobin content. 

The ferric phytate was prepared from phytic acid by the method of 
MeCance arid Widdowson (1) and was fed as a stable suspension in redis- 
tilled water. The rats were weighed and hemoglobins determined weekly 
during the 5 week feeding period. 

The results (Table II) show that the production of hemoglobin was con- 
sistently less with ferric phytate than with ferric ammonium sulfate. As 
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TABLE | 
Effect of Dietary Phytic Acid on Hemoglobin and Body Tron 


All rats received an optimal intake of phosphorus (0.25 per cent of the ration), 
0.50 mg. of iron, and 0.10 mg. of copper daily except for the last 5 days, when the iron 
supplements were discontinued. Each group consisted of six rats. The average 
iron content of the rats at the start of the experiment approximated 0.80 mg. per rat 
as determined on forty-four rats of the same origin, size, sex, and weight. 





i , ss Hemoglobin per 100 cc. : 
. Vits D, Final Body iron 
Group iy ae Source of phosphorus bole bleed . 
“ daily weight as 
Initial | Final | Increase Total* | Increase 
Optimal calcium 
gm. gm. gm. gm. mg. | mg. 
1 Inorganic 76 8.38 15.24 6.86 | 4.84 | 3.39 
2 Phytie acid 75 9.06 14.10 5.04 5.19 | 3.74 
3 50 Inorganic 78 8.42 | 16.37 7.95 | 6.03 4.58 
4 50 Phytie acid 77 9.07 16.17 7.10 | 5.52 | 4.07 
4 times optimal calcium 
5 Inorganic 74 8.84 14.75 | 5.91 | 3.42 | 1.97 
6 Phytic acid 72 8.68 13.64 4.96 | 3.60 | 2.15 
7 50 Inorganic 74 9.33 | 15.04 | 5.71 | 3.34 | 1.89 
8 50 Phytiec acid 72 9.31 14.09 4.78 | 3.51 | 2.06 


* This represents the total iron content of the animals. Analysis of the contents 
of the digestive tracts of twenty-one rats similarly fed revealed that they contained 
an average of 0.65 mg. of iron. 

Taste II 
Availability of Iron of Ferric Phytate for Hemoglobin Production 

Each rat received 0.20 mg. of Fe, 0.10 mg. of Cu, and 0.10 mg. of Mn daily during 

the 5 week feeding period. There were sixteen rats in each group. The basal diet 


was whole milk. 


Hemoglobin 
Group —* ° 
No Source ot iron - 
Initial | ist wk. |\2nd wk. [sed wk. 4th wk. ‘sth wk. we 
gm. gm. | gm. | gm. S 
l Ferric ammonium sulfate 7.59 |10.88 ‘ll. 03 12. 19 12. e 12. wl ‘ 38 
2 “phytate 7.78 |10.46 |10.65 |10.94 [11.38 2. 10 | 4.32 


* In a control group of five rats on milk plus copper and manganese o the a aver- 
age level of hemoglobin dropped from 11.03 to 3.82 gm. in 5 weeks. 


in the first experiment, these data are significant because of the large num- 
ber of animals and because the average increase in weight was practically 
identical for each group. It should be emphasized that the iron of ferric 
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phytate is fairly available because, as is well known, rats become severely 
anemic when maintained on whole milk supplemented with copper and 
manganese, whereas our animals with an additional supplement of ferric 
phytate increased their hemoglobin content steadily throughout the ex- 
periment. 


We acknowledge our indebtedness to Mr. Rudolf Bunkfeldt for the supply 
of phytic acid and to Mr. C. E. Zehner for the supply of cow’s milk. 


SUMMARY 


With a “synthetic” ration furnishing a limited amount of iron as ferric 
chloride and an amount of calcium optimal for growth and calcification, 
slightly less hemoglobin was produced in rats when the optimal amount 
of phosphorus was supplied as phytic acid rather than as a mixture of the 
mono- and dipotassium phosphates. An excess of calcium reduced the 
formation of hemoglobin and the storage of iron. Vitamin D improved 
the storage of iron and the formation of hemoglobin when the diet con- 
tained optimal amounts of calcium and phosphorus. However, no such 
effect was observed when the diet contained an excess of calcium. With 
milk supplemented with copper and manganese as the basal ration, a 
limited amount of iron as ferric phytate produced 19 per cent less hemo- 
globin than an equal amount of iron in the form of ferric ammonium 
sulfate. 
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In recent investigations in this laboratory (1), it was found that vitamin 
D produced a marked increase in the storage of iron. A review of the 
literature relating to this effect vields little evidence either supporting or 
contradicting this observation. Shelling and Josephs (2) noted an im- 
provement in the retention of iron in rats with the feeding of viosterol. 
However, as the authors state, the effect was no more than suggestive. 
Later, Josephs (3) found that viosterol increased the retention of iron in 
two out of three infants under observation. Porter (4), on the other hand, 
was unable to demonstrate any increase in the retention of iron in pre- 
school children with the replacement of plain farina in the diet with farina 
which had been fortified with irradiated yeast. It should be noted, 
however, that her basal diet contained an appreciable amount of vitamin D 
(40 u.s.p. units per child daily) and, therefore, that this experiment was 
not directly comparable with that of Josephs. 

With regard to the effect of vitamin D on hematopoiesis, Day and Stein 
(5) observed a mild anemia and polycythemia in rats on a diet containing 
either normal levels of calcium, but three times the normal amount of 
phosphorus, or normal amounts of phosphorus, but only one-fifth the nor- 
mal quantity of calcium. The addition of vitamin D to such rations 
resulted in somewhat higher hemoglobin values. 

Maughan (6) reported the occurrence of an anemia in rachitie chicks 
which was curable with ultraviolet light. McDonough and Borgen (7), 
on the other hand, were not able to find any difference in the amount either 
of hemoglobin or of liver iron of rachitie chicks as compared with normal 
chicks. 

Seyderhelm, Tammann, and Baumann (8), in their experiments with 
dogs, produced an anemia by diverting the flow of bile to the urinary tract. 
They found that this anemia could be prevented or cured with bile acids 
and also with light-activated ergosterol. Further study of this problem 


* Published with the approval of the Direetor of the Wisconsin Agricultural 
PI 
Experiment Station, Madison. 
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by Takasu (9) gave similar results. Takasu suggested that the combined 
action of bile acids and vitamin D was essential for normal hematopoiesis 
under his experimental conditions. 

An additional experiment with a possible bearing on this subject is that 
of Crowley and Taylor (10). These investigators found that iron-re- 
sistant anemia of school children with latent rickets was improved only 
by the combined feeding of iron and vitamin D. However, Hauss (11), 
in his review of the literature on the anemia of rickets, cited several reports 
in which vitamin D, as cod liver oil or ultraviolet irradiation, had no effect 
on a low level of hemoglobin. 

Obviously, additional data which would throw further light on the in- 
fluence of vitamin D on the utilization of dietary iron are needed. For 
this reason the following investigations were undertaken. 


EXPERIMENTAL 


The experiments were carried out with young rats and, with certain ex- 
ceptions, which will be pointed out later, essentially the same ration, 
technique, and criteria as those which were employed in a previous experi- 
ment (1). The iron-low ‘“‘synthetic’”’ ration contained calcium carbonate 
and an equimolecular mixture of mono- and dipotassium phosphate to give 
it a calcium content of 0.35 per cent and a phosphorus content of 0.25 per 
cent. These amounts had been found to be optimal for growth and 
calcification. Each rat was given daily a solution of 0.10 mg. of Cu as 
CuSO, and either 0.10 or 0.50 mg. of Fe as FeCl; mixed daily into a portion 
of the ration. In each experiment, some of the rats were given 50 U.s.P. 
units of vitamin D daily as viosterol or as percomorph oil. 

Each experimental group was composed of eight or nine rats. The dura- 
tion of the feeding period was 4 or 6 weeks. Hemoglobin determinations 
were made weekly or at the beginning and at the end of the experiments. 
When the experiments were terminated, the animals were killed by de- 
capitation and analyzed for iron after the removal of the digestive tracts. 
When individual organs were analyzed for iron, they were washed thor- 
oughly with isotonic saline solution before incineration. The blood 
obtained by these washings together with the blood drawn at decapitation 
was incinerated with the carcass. 

Although a number of separate experiments were run, only two of them 
will be reported in detail, as the results were similar in all of them. In 
the first one to be reported, the rats were given 0.50 mg. of iron daily. 
The consumption of food was controlled by paired feeding; 7.¢., for each 
rat receiving vitamin D, one control rat not receiving vitamin D was given 
the same amount of ration day by day. This technique served to equalize 
growth and thereby facilitated comparisons of the amount of hemoglobin 
synthesized and the relative abundance of iron reserves. 
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Table I gives the results of this experiment. It shows that all of the 
rats which received vitamin D had a slightly higher hemoglobin level than 
those which did not receive this supplement. This confirms the results 
obtained previously (1). While the difference was not large, viz. 1.07 gm.., 
the consisteney with which this difference occurred makes it significant. 
Furthermore, attention is called to the fact that all of the rats which re- 
ceived vitamin D contained appreciably more iron than their paired feeding 
mates. Only a very small part of this difference was due to the liver dif- 
ferential. 


TaBie [ 
Effect of Vitamin D on Body Tron, Liver Iron, and Hemoglobin 
The duration of the experiment was 4 weeks. Each rat received 0.50 mg. of iron 
and 0.10 mg. of copper daily. 


| Group 2. 50 units vitamin D per rat daily as 


. a il i 
Group 1. No vitamin I vinshenel 


| 
Body | Hb per 100 | Body Hb per 100 

















weight | cc. blood | weight cc. blood 

— lp. Se 

si\slial$ mn aii] oe 
— a | aie 

gm gm gm gm. | me. me. qm gm. gm. gm. me. me. 
750 42 70 |7.66 |5.92 |0.30 1.75 "758 43 | 66 7.35 |8.13 |0.37 | 2.38 
751 11 | 49 6.87 |8.50 |0.29 | 2.11 |761 42 | 52 7.35 |8.87 |0.31 | 2.53 
752 0 | 47 (7.57 |8.22 0.28 | 1.86 |759 | 44 | 46 6.50 |9.60 0.30 | 2.38 
753 12 | 69 6.94 |7.61 (0.32 2.35 760 40 | 70 7.16 |8.09 0.35 | 2.72 
754 10 | 72 |8.26 |5.90 |0.38 | 2.16 (762 | 42 | 62 8.63 |6.04 0.50 2.53 
755 44 | 86 7.28 |5.95 0.32 2.79 |765 43 | 80 7.52 |6.83 (0.34 | 2.96 
756 44 65 7.66 6.50 0.32 2.42 764 44 | 76 7.94 |7.74 0.43 3.09 
757 45 | 72 8.26 5.24 0.36 2.76 763 43 | 76 7.80 |7.45 [0.33 3.09 
Average. ..| 42 | 66 17.58 6.71 0.33 | 2.27 42 | 67 7.53 |7.83 |0.37 | 2.71 


* Includes liver iron. 


In this connection, an observation concerning the effect of vitamin D on 
the size of the liver is of interest. Although vitamin D had no influence 
on body weight, it increased both the average wet and dry weight of the 
liver approximately 20 per cent. An inspection of similar data obtained 
in another experiment of the present series revealed the same effect. 
However, there was no relationship between the size of the liver and the 
amount of iron contained therein. Contrary to this observation, vitamin 
D had no effect on the dry weight of the spleen nor on the amount of iron 
present. 

Because vitamin D increased the quantity of body iron, it was believed 
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desirable to determine its effect on body copper. The determinations were 
made by the method of Coulson (12). Apparently, it had no effect; the 
average amount of body copper per rat was found to be 0.96 mg. for the 
rats which received vitamin D as well as for those which did not. 

In the next series of experiments, certain modifications were introduced 
to make the test more critical. Twenty-seven 21 day-old rats were given 


Tasie IT 
Effect of Vitamin D on Hemoglobin Production 


The duration of the experiment was 6 weeks. There were nine rats in each group. 
Each rat received 0.10 mg. of iron and 0.10 mg. of copper daily. 


Body weight eee 100 ce. 
Group No. 


Initial Increase Initial Increase 


gm. gm. gm. gm. 
1. No vitamin D 83 105 1.86 8.60 
2. Vitamin D as viosterol* 83 105 5.00 8.90T 
3. - ** “ pnercomorph oil* 83 109 1.98 9.91t 


* 50 u.s.P. units were given to each rat daily. 

t In comparison with Group 1, two rats had a lesser increase, one had no increase, 
and six had a greater increase in hemoglobin. 

t In comparison with Group 1, two rats had a lesser increase and seven had a 
greater increase in hemoglobin. 


Tase III 
Hemoglobin Values As Determined Week by Week on Rats of Table II 
Wks. on experiment Group 1. No vitamin D Gop s. Some ony 7. Sa 

gm. gm. gm. 
0 4.86 5.00 4.98 
l 6.92 7.62 7.32 
2 8.63 9.88 9.15 
3 9.44 10.92 10.06 
4 10.43 11.60 11.46 
5 12.87 13.28 13.63 
6 13.46 13.90 14.89 


iron-low cow’s milk for 3 weeks until the hemoglobin values had decreased 
to approximately 5.00 gm. Eighteen of the rats were then given the 
“synthetic” ration with the addition of 50 vu.s.p. units of vitamin D per 
rat daily as viosterol or percomorph oil; nine were kept as controls. All 
rats were given 0.10 mg. of iron daily. Hemoglobin determinations were 
made weekly until the values had returned to normal. 
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The data indicate (Table IT) that vitamin D increased the production 
of hemoglobin only slightly, but consistently. Of the eighteen rats given 
vitamin D, thirteen, or 72 per cent, had higher hemoglobin values than 
their paired feeding mates. In the case of viosterol (Group 2), the differ- 
ence was very slight; the average increase in hemoglobin was 8.90 gm. as 
compared with 8.60 gm. in the control animals. However, at the end of the 
experiment, six of the nine rats on viosterol had more hemoglobin than 
their controls. Furthermore, these differences were consistent week by 
week (Table III). 

Percomorph oil had a similar beneficial action on the synthesis of hemo- 
globin (Table II). At the end of the experiment, seven out of nine rats 
receiving this supplement contained more hemoglobin than their controls, 
the average values being 14.89 and 13.46 gm., respectively. As with 
viosterol, the effect of percomorph oil prevailed throughout the entire 
time of the experiment (Table ITT). 


SUMMARY 


When vitamin D was added to a “synthetic”’ ration optimal for growth 
in its content of phosphorus and calcium and of known iron content, there 
resulted an increase in hemoglobin and especially in the total amount of 
body iron in rats. Although vitamin D had no effect on body weight, it 
produced a marked increase in the weight of the liver. In contrast to the 
beneficial effect on the storage of iron, vitamin D had no effect on the stor- 
age of copper. 
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Anemia has been reported in rachitic infants and children by a large 
number of clinicians. However, there is little agreement as to its etiology. 
This state of affairs is well summarized in a quotation from Hess (1). 
“It is probably true that severe rickets is generally accompanied by ane- 
mia. But whether this alteration is to be attributed to the rickets or to 
the malnutrition occasioned by associated errors of hygiene and diet remains 
to be determined.” 

Typical of the contrasting opinions on this subject are the report of 
McDonough and Borgen (2) and that of Crowley and Taylor (3). The 
former investigators believe that there is no relationship between rickets 
and anemia. They found that the feeding of iron salts to rachitie infants 
with subnormal hemoglobin values raised these figures to normal. They 
further observed that the administration of vitamin D did not increase the 
level of hemoglobin in the anemia of uncomplicated rickets. Crowley and 
Taylor (3), on the other hand, found that only the combined feeding of 
iron and vitamin D increased the level of hemoglobin in eighteen children 
with latent rickets. 

A similar lack of agreement is evident in the data presented by investi- 
gators who have studied this problem with the rat and also with the chick. 
Happ (4) produced rickets in rats by feeding grain rations which were low 
in calcium. Anemia developed in seven out of fifteen rats within 3 to 8 
months. In addition, the livers and spleens were very pale, indicating 
that the iron stores were reduced below normal. Sure and Kik (5) and 
also Hauss (6) were not able to find any difference between the blood 
picture of rachitic and that of normal rats. 

Using the chick as the experimental animal, Maughan (7) studied the 
effect of ultraviolet irradiation on the amount of hemoglobin when a rachi- 
togenic, vitamin D-low ration was fed. He found that hemoglobin values 
were markedly lower in the rachitie chicks than in the irradiated birds. 
He further reported that the cure of rickets was accompanied by an in- 

* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
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crease in hemoglobin to the normal figures. Contrary to these results, 
McDonough and Borgen (2) were not able to detect any difference in the 
level of hemoglobin between normal and rachitie chicks. In addition, the 
amount of iron per gm. of dried liver was approximately the same whether 
or not cod liver oil had been included in the diet. 

All of these experiments had one or more experimental defects. For 
example, the diets were composed of naturally occurring foods, the phos- 
phorus of the diet was furnished in various degrees of availability, the 
source or amount of dietary iron was not controlled, the type of rickets 
induced was not ascertained, and the severity of the rickets was not indi- 
cated. These circumstances made it desirable to carry out additional 
experiments with a diet compounded of purified food constituents in 
which rickets was produced by definite deficiencies or imbalances. 


EXPERIMENTAL 


Except for the omission of 219.44 parts of calcium carbonate from the 
salt mixture (8), the iron-low “synthetic” ration previously described was 
fed. The desired proportions of calcium and phosphorus were attained by 
the addition of calcium as the carbonate and phosphorus as an equimolecu- 
lar mixture of mono- and dipotassium phosphates. As before, the diet was 
considered to be optimal with respect to its content of calcium and phos- 
phorus when it contained 0.35 and 0.25 per cent of these, respectively. 
These proportions were varied from one-eighth to 4 times optimal. Each 
rat was given 0.10 mg. of copper as the sulfate together with a certain 
amount of iron as ferric chloride in redistilled water mixed into a small 
portion of the ration daily. 

At the end of the feeding period, the rats were killed with ether and both 
femurs and the distal ends of the radius and ulna were dissected out. The 
femurs were extracted with 95 per cent ethanol for 72 hours and then dried 
in a muffle furnace at 650° until free from carbon. The ends of the radii 
and ulnae were split longitudinally with a scalpel, stained with silver 
nitrate, and inspected for the width of the metaphyses. 

The experiments were carried out in two series, the second series differing 
from the first primarily in that some of the rations were supplemented with 
vitamin D and the consumption of ration was equalized between individ- 
uals of different groups. In addition, in the second series the carcasses 
of the rats were analyzed for iron. 

The results of the first series (Table I) show clearly that the low phos- 
phorus and the low calcium diets produced rickets. However, the high 
-alcium diet failed to do so. This was undoubtedly due to the fact that 
the phosphorus was present in the inorganic form. It has frequently been 
noted that a high calcium ration will produce severe rickets, but this is 








I. FUHR AND H. STEENBOCK 73 


TaBis I 
Effect of Variable Amounts of Dietary Calcium and Phosphorus on Hemoglobin 
Formation 
Three males and three females, 21 days of age, were used in each group. Each 
rat was given 0.20 mg. of iron and 0.10 mg. of copper daily for 5 weeks. 





. 
| Body weight Menegiens oe 100 ce. 
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Group No. ; ion efter ash Metaphysis 
Ini- In- | Ini- her 

tial | crease} tial 


1 wk. | 3 wks.| 5 wks. 
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| gm. | gm. gm. gm. gm. gm. cont 
1, Optimal Ca, } optimal P....| 34 | 41 |8.22 [2.53 |4.19 |5.44 [21.7 | Severely 
| | 


rachitic 
2. Optimal Ca, } optimal P 33 | 22 |8.43 |2.45 |3.18 |7.08 {19.9 “ as 
3. Optimal Ca, 4 times optimal 


P aghscaenins 32 | 52 |8.42 |3.84 |4.37 |6.26 |46.4 | Normal 
4. } optimal Ca, optimal P 31 | 37 |8.50 |3.07 |3.74 |5.82 |38.3 | Mildly 
rachitic 


5. 4 times optimal Ca, optimal 
P 40 | 49 {7.01 |0.07 


1 48.4 | Normal 
6. Optimal Ca, optimal P . 83 | 72 18.67 |3.18 |2. 


45.8 7 
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Tase IT 
Effect of Low Intake of Dietary Calcium and Phosphorus on Body Iron and Hemoglobin 
Formation 
Three males and three females, 21 days of age, were used in each group. Each 
rat was given 0.50 mg. of iron and 0.10 mg. of copper for the first 23 days of the 28 


day feeding period. 























Body Hb per 100 | Increase in 
Viosterol weight | cc. blood | body iron* 
. ; Pally. ry Bone | : 
Group No U.S? } 3 ash Metaphysis 
units of 4 g - } 
vitamin D = By 3 | 3 s b2 
2) 2/8)8)2)8* | 
gm gm gm. gm. me. mg. &. | 
1, Optimal Ca, optimal P 0 37 | 39 8.3816. 86/3.3910.049 48.8 Normal 
2. Optimal Ca, optimal P 50 35 | 43 \8.42/7.95|4 580.059 50.6 | ” 
3. Optimal Ca, } optimal P 0 37 38 |8.32/6.91/3.04/0.041/29.2 | Severely 
er ee | rachitie 
4. Optimal Ca, } optimal P 50 37-38 8.32/7. 69/3 .33/0.044 38.1 | Mildly 
ro oe | rachitic 
5. Optimal P, } optimal Ca 0 36 | 16 |8.24/6.54/2.850.055/38.8 - ” 


6. Optimal P, } optimal Ca 50 37 | 24 8.307 .41/3.34/0.055)36.3 oa " 


* This does not include the iron of the metaphyseal specimens. 
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brought about with facility only when the phosphorus is present in such a 
form that it forms difficultly soluble salts, as, for example, when the phos- 
phorus is present as phytic acid (9). 

With regard to hematopoiesis, it is seen that neither low phosphorus nor 
low calcium rickets produced anemia. On the other hand, a pronounced 
anemia occurred in the high calcium group. This action of calcium has 
been reported by several investigators (8, 10-14). 

In addition, attention is called to the fact that a phosphorus intake high 
in relation to the rat’s requirement or high in relation to the intake of cal- 
cium did not affect the production of hemoglobin, even though a mild 
rickets resulted in the latter instance. ‘These results are contrary to those 
obtained by Day and Stein under similar experimental conditions (15), 
However, our animals grew less in relation to their controls than those of 
the aforementioned investigators, so that, even with a reduction in the 
amount of iron assimilated, the requirement for hemoglobin synthesis 
may have been met. 

In the second series of experiments in which the effect of vitamin D was 
determined, particular care was taken to select the rats for uniformity of 
weight and hemoglobin content. Furthermore, the intake of food was 
equalized for all of the rats until the 4th day of the experiment, when the 
groups receiving one-eighth optimal calcium reduced their food intake to 
an excessive degree. From that time on, they were treated as a separate 
series. However, the iron intake of all the rats was kept constant through- 
out the experiment. 

Results of this series (Table I1) show that with a low intake of calcium 
and of phosphorus rickets was produced but hemoglobin synthesis again 
was not affected. However, as observed previously (8, 15, 16), the addi- 
tion of vitamin D resulted in all instances in an increase in hemoglobin 
values over the levels contained in the control animals. 

Although there was less iron per gm. of body weight in the low phos- 
phorus-fed rats than in the controls on optimal phosphorus, the poorer 
retention of iron was not due to rickets per se. This is proved by the fact 
that, although vitamin D induced marked healing, there was little change 
in the amount of body iron. It is possible that the somewhat poorer re- 
tention of iron in these groups was due to the relative excess of calcium 
over phosphorus in the diet. The amount of iron per gm. of body weight 
was as great in the rachitic animals on suboptimal calcium as in the non- 
rachitie rats on optimal calcium and phosphorus. 


CONCLUSION 


Low calcium and low phosphorus rickets did not reduce the amount of 
body iron nor the rate of hemoglobin synthesis in the rat. 
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PURIFICATION OF THE GROWTH HORMONE OF THE 
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The present communication describes a procedure of established depend- 
ability for the preparation and purification of the growth hormone of the 
anterior pituitary. The procedure is a final result of many modifications 
in method attempted during the last few years. 


Methods of Assay 


In the course of fractionation procedures it is important to follow the 
progress of purification with reliable determinations of hormonal potencies 
of the fractions obtained. The method used here for the assay of growth 
hormone was described recently (1). It is based on the body weight in- 
crease of rats injected daily for periods of 10 to 20 days. Depending on 
the character of the particular preparation to be tested, and on the ac- 
curacy required in a given case, either normal female rats whose weight 
had reached a plateau were used (injection periods, 15 and 20 days), 
or hypophysectomized immature female rats (injection periods, 10 and 15 
days). Hypophysectomized animals were employed in some instances for 
a second and even for a third course of injections, although it was realized 
that the accuracy was less in these cases. Growth hormone units, GU, were 
defined, as already described, for each type of test animal and for each test 
period, and growth hormone potencies were expressed as growth hormone 
units per mg. of hormone preparation, [GU], special references being made 
to the particular experimental conditions of a given case. 

In order to be able to compare results of assays conducted with different 
types of test animals, or with different injection periods, conversion factors 
were determined which permit approximate expression of the potency of 
a growth hormone preparation in terms of any one of the assay methods 
enumerated. These conversion factors were derived from ratios of 
average values for growth hormone potencies which had been established 
empirically (Table I). A growth hormone preparation which would 
cause exactly 10 gm. of body weight increase in 10 days, when given to 


* Aided by grants from the Research Board of the University of California, and 
from the Committee on Research in Endocrinology of the National Research Council. 
Assistance was rendered by the Work Projects Administration, Official Project 
No. 265-1-08-80, Unit A5. 
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hypophysectomized rats at a level of 100 y daily, would produce body 
weight increases and, therefore, have growth hormone potencies in other 
tests as indicated in Table I. 

Crude pituitary extracts contain, besides growth hormone, various other 
active principles, five of which are generally accepted today as separate 
entities—the follicle-stimulating (FSH), interstitial cell-stimulating (ICSH) 
lactogenic, thyrotropic, and adrenocorticotropic (ACTH) hormones. 
Therefore, it is not sufficient to follow purification by measuring growth 
hormone potency per mg. alone. As a further criterion for purity, it is 
desirable to determine that there is a quantitative reduction in the other 
“eontaminating” hormones. For this purpose, growth hormone prepara- 


TABLE I 
Correlation of Methods of Growth Hormone Assay 


—* Body weight : rsi 
Type of test rat Injection Daily dose increase Potency * ‘ ——s 
period . factor 
per day 
days me. m. unils per mg 
—s 
Hypophysectomized 10 0.1 1.00 10.0 [GI lan 1.00 
as 15 0.1 0.99t 9.9 [(GUlar 0.99 
“ 10 0.1 0.80t 6.1 [GUlone 0.61 
previously injected 
Normal (weight plateau) 15 1.0 1.65§ 0.6 [(GU]xe 0.06 


* [GU] = growth hormone units per mg. of hormone preparation. Explanation of 
indices: 10 = 10 day test; 15 = 15 day test; HR = hypophysectomized rats; UHR = 
hypophysectomized rats, previously injected; NR = normal rats at a weight plateau. 
+ Mean value, derived from 349 test animals. 

t Mean value, derived from 225 test animals. 
§ Mean value, derived from 412 test animals. 


tions were injected, at relatively high levels, into immature pigeons to 
assay for lactogenic hormone (response of crop sac), and into hypophysec- 
tomized rats for determination of the other four pituitary hormones 
enumerated (responses of ovaries, thyroids, and adrenals). 


Method of Purification 


The method used at present for purification of the anterior pituitary 
growth hormone consists of a series of five steps: desiccation of beef an- 
terior pituitary lobes with acetone, extraction with calcium hydroxide, 
precipitation with ammonium sulfate, treatment with cysteine, and frac- 
tionation by pH variation. The entire procedure is carried out in a cold 
room at 2-5°, with a few exceptions specifically mentioned. 

1. Preparation of Acetone Powder—1 kilo of anterior lobes of beef 
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pituitaries (which are stored frozen) is ground at room temperature in a 
mechanical meat grinder to a fine mash (with addition of 250 cc. of water 
for rinsing purposes). The material is then refrozen and reground. The 
ground material is added to 6 liters of acetone at 2-5°, and the mixture is 
stirred for 2 hours and then allowed to settle overnight at —10°. The 
supernatant fluid is separated by syphoning, the rest of the acetone is 
removed by quick filtration, and the procedure repeated. Supernatant 
fluids are discarded. The filter cake is dried quickly between filter papers, 
and is then spread on the bottom of a large desiccator (no drying agent) 
which is connected with the house vacuum, for 3 days at 2-5°, and finally 
1 day at room temperature. The resulting product, designated “acetone 
powder,” has a pale pinkish tinge. When kept dry, it can be stored 
at —10° for at least a year without loss of growth hormone potency. 
Yield, approximately 230 gm. 

2. Alkaline Extraction with Calcium Hydroxide—The acetone powder 
(230 gm.) is ground and then suspended in 8 liters of cold water. A sus- 
pension of calcium hydroxide (30 gm. of CaO per liter) is then added with 
stirring until the pH reaches 11.2 to 11.5 (glass electrode). Approximately 
320 ce. are necessary. Stirring is continued over a period of 24 hours. 
Then, 50 ec. of a calcium chloride solution (100 gm. of CaCl, per liter of 
water) are added and carbon dioxide gas is passed through the mixture 
with stirring to bring the pH to 8.5. The mixture is allowed to stand for 
1 to 2 days for sedimentation of the insoluble material. The supernatant 
fluid is then removed by syphoning and the residue filtered overnight 
through Filter Cel (Buchner funnel). The filter cake is washed with 
about 1 liter of water. The dark brown supernatant fluid and filtrate 
combined are called the ‘‘calcium hydroxide extract.” This extract can 
be stored in the frozen state, but, usually, step (3) is carried out immedi- 
ately. Yield, approximately 62 gm. 

8. Precipitation with Ammonium Sulfate—Solid ammonium sulfate is 
added slowly with stirring to the calcium hydroxide extract until the solu- 
tion is 0.5 saturated. Stirring is continued for 1 hour; the mixture is then 
allowed to stand for 1 to 2 days for sedimentation of the precipitate. The 
supernatant liquid is removed by syphoning, and the rest of the mixture 
is filtered through hardened filter paper (Buchner funnel), with only a 
low vacuum in the initial stages. The supernatant fluid and filtrate are 
discarded. The precipitate is redissolved at pH 9 to 9.5 in approximately 
one-fourth of the original volume, insoluble material is removed by cen- 
trifugation, and the precipitation with ammonium sulfate is repeated, this 
time at 0.45 saturation, preferably by adding saturated ammonium sulfate 
solution. The precipitate is suspended in as little water as possible, and 
dialyzed through cellophane against distilled water in a rocking dialyzer. 
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After complete removal of inorganic salts the mixture is centrifuged. If 
sedimentation is not satisfactory, it can be improved by adjusting the pH 
of the mixture to 6.5 with a few drops of 0.1 n HCl. The sediment, which 
contains practically all the growth hormone, is dried in a vacuum desic- 
cator over anhydrous sodium hydroxide or phosphorus pentoxide at room 
temperature. The supernatant liquid is discarded. The dry product 
which usually contains some gray-brown pigment is designated the “globu- 
lin fraction.”’ Yield, approximately 16.3 gm. 

4. Treatment with Cysteine—This step is carried out at room tempera- 
ture. The hormone and cysteine are first dissolved separately, both at 
relatively high concentrations. For solution of the globulin fraction, 
16.3 gm. are suspended in 100 ec. of water, and nN NaOH is added to bring 
the pH to9 to 10. After being homogenized as far as possible, the mixture 
is centrifuged, and the residue dissolved with an additional 100 ec. of water 
and nN NaOH. A eysteine solution is then made by suspending 20 gm. 
of cysteine hydrochloride in 40 ec. of water and adding slowly the necessary 
quantity of N NaOH (cooling with ice water). The hydrogen ion concen- 
tration of both solutions is then adjusted to pH 8 to 8.5, and the cysteine 
solution added to the hormone solution. The resulting mixture is kept 
in a tightly stoppered flask for 24 hours. A pinkish gel is formed as a 
result of the reaction. The mixture is then diluted with water to 1 liter, 
is centrifuged, and the precipitate is reextracted first with 500 cc., then with 
300 cc. of water. The residue is discarded. When the combined super- 
natant fluids are kept at 3—-5° overnight in contact with air, some cystine 
is sedimented which can be removed by decanting and centrifuging. An 
equal volume of saturated ammonium sulfate solution is then added. The 
precipitate formed is separated from the supernatant fluid by centrifuga- 
tion, is suspended in as little water as possible, and dialyzed. During 
dialysis a sediment is formed which contains practically all the growth 
hormone, and in addition, frequently some cystine which is removed during 
the following step. The clear supernatant fluid is removed by centrifuga- 
tion and discarded, and the precipitate dried in a desiccator. The dry prod- 
uct, designated the ‘‘cysteine-treated globulin fraction’ has a grayish 
tinge. Yield, approximately 6.7 gm. 

5. Fractionation by pH Variation—This part of the procedure is out- 
lined in the scheme shown in Diagram 1. It consists in principle of an 
“isoelectric” precipitation at pH 6.5 to 6.7, approached from the alkaline 
side, at which most of the growth hormone is precipitated, followed by a 
precipitation at pH 5.0 to 5.5 approached from an acid medium, under 
which conditions most of the growth hormone activity remains in the 
supernatant fluid and appreciable quantities of growth-inactive substances 
are precipitated. The material soluble at pH 5 to 5.5 is then concentrated 
by ammonium sulfate precipitation. 
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The procedure is conducted in detail as follows: The cysteine-treated 
globulin fraction is suspended in water (6.7 gm. in about 100 ec.) and 
dissolved by adding the necessary amount of 0.1 Nn NaOH. The cysteine- 
treated preparation usually is not completely soluble. The insoluble 


D1aGRaM 1 
Scheme of Fractionation by pH Variation* 


Cysteine-treated globulin fraction 
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Repetition of entire procedure with minor modifications 


* Repetitions of individual steps are not indicated. 


part is removed by centrifugation and is, after reextraction at pH 9 to 10, 
discarded. The combined supernatant fluids are diluted so that the 
protein concentration is 1 to 1.5 per cent. Hydrochloric acid (0.1 N) is 
then added slowly, until pH 6.7 is reached. Appreciable precipitation 
occurs. The mixture is allowed to stand a few hours and then centrifuged. 
Most of the growth hormone potency is contained in the sediment. The 
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supernatant fluid is discarded. The sediment is redissolved with as little 
0.1 N NaOH as possible (protein concentration approximately 0.5 per cent), 
and then acidified slowly with 0.1 nN HCl, passing through the isoelectric 
range, until the precipitate formed is redissolved (at pH 3 to 4; never 
below 3). The solution is immediately rendered less acid, 0.1 N NaOH 
being added slowly as pH 5.0 to 5.2 is approached. Appreciable pre- 
cipitation occurs. The mixture is centrifuged after } to 1 hour, and the 
supernatant fluid, which contains most of the growth hormone potency, 
is neutralized. In order to repeat this step, the precipitate is redissolved 
with 0.1 N NaOH (protein concentration approximately 0.5 per cent), 
again acidified to pH 3 to 4, and the solution again immediately made less 
acid, this time being adjusted to pH 5.3 to 5.5. The precipitate formed is 
removed by centrifugation and discarded. The combined supernatant 
fluids are neutralized, and an equal volume of saturated ammonium sulfate 
solution is added. The precipitate formed, which contains practically the 
entire growth hormone activity, is suspended in as little water as possible 
and dialyzed. 

After completion of the dialysis of the ammonium sulfate precipitate, 
the entire procedure is repeated with minor modifications. From this 
stage, subsidiary fractions are saved, since they may contain appreciable 
amounts of growth hormone. The repetition of the first step of the pro- 
cedure, precipitation at pH 6.7, is conducted at a slightly higher protein 
concentration (1.5 to 2 per cent). The precipitate formed at pH 6.7 is 
redissolved with 0.1 N NaOH, acidified to pH 3 to 4, and then immedi- 
ately rendered less acid as before, except that this time, 0.1 N NaOH is 
added only to approximately pH 4.5. The next step, precipitation of 
inactive substances, is this time conducted at a slightly higher pH according 
to McMeekin’s technique of rotating dialysis (2). A cellophane bag is 
filled with the solution and rotated in 0.02 m phosphate buffer at pH 5.8. 
After completion of the dialysis the sediment formed is removed by 
centrifugation, and the supernatant fluid is again made half saturated 
with ammonium sulfate. The precipitate is sedimented by centrifugation, 
suspended in as little water as possible (complete solution is not necessary), 
and dialyzed. After complete removal of electrolytes, the whole contents 
of the bag are collected, without separating the sediment from the super- 
natant fluid, since both fractions contain growth hormone and since the 
potencies of the two fractions are usually not much different. They 
represent the final product of the purification and are designated ‘purified 
growth hormone.” Yield, approximately 500 mg. 


DISCUSSION 


Fractionation Procedure—Beef anterior pituitary lobes only were used as 
starting material, since a comparison of the growth hormone activities 
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extractable under identical conditions from anterior lobes of beef pituitaries 
and from whole pituitaries of hog and of sheep had indicated that the 
most potent extract and the highest yield in activity were to be obtained 
from beef glands (potencies and yields of the extracts both decreasing in 
the order, beef, hog, sheep). 

Step (1) of the purification procedure, treatment of the ground gland 
tissue with acetone in the cold, was adopted, since it was observed that 
handling of the material was markedly facilitated, without any loss in 
potency; insoluble material settled more readily, facilitating removal of 
supernatant fluids by syphoning and filtration. In this way, centrifuga- 
tions of large quantities of liquids, as used formerly, were replaced by 
procedures which required only a fraction of the time. An additional 
advantage was the fact that filtration allows a more complete separation 
of supernatant fluids from precipitates than ordinary centrifugation. 
These improvements concern all steps in which large quantities of fluid are 
handled. 

Step (2), the calcium hydroxide extraction, was carried out as described 
by Fraenkel-Conrat et al. (3). The total unitage recovered was similar 
to that reported previously, but the yield in gm. was somewhat higher and 
the potency per mg. correspondingly lower. 

Step (3), the preparation of the globulin fraction by precipitation with 
ammonium sulfate, represents a modification of the former procedure 
described by Evans et al. (4). No attempt was made to remove protein 
at 0.2 saturated ammonium sulfate, as described formerly, since it was 
found that appreciable quantities of growth hormone might be lost in 
this precipitate, without improving the potency of the globulin fraction. 
Instead of four successive precipitations with ammonium sulfate as recom- 
mended previously (4), only two were carried out. Several lots were 
carried through with even only one ammonium sulfate precipitation, and 
the resulting globulin fractions were not much different in yield or potency 
from those obtained by the standard method of two successive pre- 
cipitations. 

Treatment of the globulin fraction with cysteine (step (4)) was carried 
out essentially as described by Fraenkel-Conrat ef al. (3), with only minor 
modifications. The yield was found rather variable. In our experience 
thioglycolic acid was not found as satisfactory as cysteine for this step in 
the preparation of growth hormone (3). At similar molar thiol concen- 
trations, an appreciable portion of the growth hormone activity was 
destroyed; at lower reagent concentrations, biologically active contamina- 
tions were not so well removed. 

Further purification of the growth hormone was achieved by fractiona- 
tion by pli variation. In a solution containing a mixture of proteins, suc- 
cessive shifts in pH cause precipitation of different proteins, since iso- 
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electric points and, therefore, minimum solubilities lie usually at different 
hydrogen ion concentrations. This makes possible a separation of the 
various components of the mixture. In such a fractionation it is impor. 
tant to standardize all experimental conditions rigorously, since the pre- 
cipitation of a protein is influenced by many factors. These include not 
only the solubility of a given protein in its pure state, as a function of pH, 
but also the nature and concentration of electrolytes present, and tempera- 
ture. In a mixture of proteins the nature and concentration of each of 
the individual proteins present may also influence solubility. It is par- 
ticularly important, whether, when the hydrogen ion concentration is 
adjusted, a given pH is approached from the alkaline or acid side, and whe- 
ther regions are passed during shifts of pH in which other components of 
the mixture are precipitated, and whether the change in pH is brought 
about gradually or quickly. These factors play a decisive rdle, since 
the growth hormone appears to be easily adsorbed on precipitates of other 
proteins and carried down at hydrogen ion concentrations at which it 
would be completely soluble when in a state of higher purity. This may 
explain differences in pH values reported for the isoelectric point of growth 
hormone by different investigators (3, 5). 

Step (5), the fractionation by pH variation, was adopted in accord with 
these considerations. It consisted essentially in a precipitation at pH 
6.7, approached from the alkaline side, in which most of the growth hor- 
mone was precipitated, followed by a precipitation at pH 5.2 to 5.8, ap- 
proached from the acid side, in which most of the growth hormone re- 
mained in solution, but other proteins were precipitated (Diagram 1). 
An ammonium sulfate precipitation followed for concentration of the 
product. 

During dialysis of the final ammonium sulfate precipitate, sedimenta- 
tion always occurred within the cellophane bag. Usually the precipitate 
was not separated from the supernatant fluid, since both fractions were 
found very active, and since the difference in their potencies was small. 
Only in a few instances were the two fractions separated by centrifuga- 
tion, and it was observed that the supernatant fluid was more potent when 
the protein concentration of the contents of the dialysis bag was below 
0.7 per cent but that the precipitate was more potent when the protein 
concentration was above 1.5 per cent. 

Growth Hormone Potency—Table Il summarizes the growth hormone 
potencies of the products at each step of the fractionation. Individual 
lots varied considerably; the values shown represent averages from many 
repetitions of the procedure. 

The globulin fraction was approximately 3 times as potent as the cal- 
cium hydroxide extract, this potency being somewhat superior to that of 
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the L fraction as described previously (4), and similar to that reported 
by Fraenkel-Conrat et al. for such fractions (3). 

The growth hormone potency of the cysteine-treated globulin fraction 
was similar to that of the untreated globulin fraction, although it contained 
markedly fewer contaminants. The cysteine-treated preparations con- 
tained somewhat more inert material than those described previously (3). 

These impurities (some of protein nature and some cystine) were easily 
removed in step (5) in which approximately a 5-fold increase in potency 
was achieved. The best preparations of the final product obtained had 
a potency of about 200 [(GU]ifr,* which corresponds to a daily dose of 5 
necessary to produce a body weight increase of 1 gm. per day in hypo- 


TABLE II 


Purification of Growth Hormone. Average Yields and Potencies of Products of 
Individual Steps 


Yield per | 


Total 

. adi . p ; Potency “er 

Step of purifica tic kilo anterior activit 
wee ” lobes of product | recovered 
eo. | (Guise | Guict 

1. Acetone drying : 230 

2. Calcium hydroxide extraction PRET 62 8 500,000 
3. Ammonium sulfate precipitation vin cal 16.3 24 | 390,000 
4. Cysteine treatment 4S 6.7 26 170,000 
5. pH fractionation 0.5 130 = 65,000 





snuat® : 7 a : 
* (GUlax = growth hormone units per mg. of hormone preparation in a 10 day test 


in hypophysectomized rats. 
+ GUgg = growth hormone units in a 10 day test in hypophysectomized rats. 


physectomized rats. The average growth hormone potency of these prep- 
arations was 100 to 150 [GU] ifr. 

Contamination with Other Anterior Pituitary Hormones—Besides growth 
hormone potency, freedom from other pituitary hormones was considered 
an important criterion for purity, and the products of steps (3), (4), and 
(5) of the procedure were assayed, not only for growth hormone, but also 
for FSH, ICSH, thyrotropic and lactogenic hormones, and for ACTH. 
The results are summarized in Tables III and IV, the values representing 
averages from many lots. 

Table III indicates that the globulin fraction contained appreciable 


*The growth hormone potency was determined by means of a standardization 
curve described recently (1). The slope of this line which was established repeatedly 
at different stages of the purification of the growth hormone remained practically 
constant. This slope has not yet been redetermined for the fraction obtained by 
the last step of the procedure here discussed. 
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amounts of all other generally “accepted” anterior pituitary hormones, 
with the exception of FSH. After cysteine treatment, the concentrations 
of the remaining contaminants were markedly reduced. ICSH and 
lactogenic hormone were practically completely removed, and the concen- 


Tasie III 
Contamination of Growth Hormone Preparations with Other Pituitary Hormones 


Highest dose level at which preparation was found 
negative for contaminating hormone* 


Growth hormone preparation 


. Thyro 
—_ - Lactog et . 
FSH | ICSH ay tropic ACTH 
mes. mg. mg. me. meg. 
Globulin fraction 4.5t 1.25 1.0 1.25 2.0 
Cysteine-treated globulin fraction 10.0+ 10.0t 20 .0T 5.0 7.5 
Purified growth hormone 10.0t 10.0¢ (20.0)t 10.0¢  10.0t 


* The assay used for lactogenic hormone was the systemic crop test in immature 
pigeons; all other hormones were assayed in hypophysectomized rats. 

+ Higher levels were not tested. 

t The value for contamination by lactogenic hormone refers to the cysteine- 
treated globulin fraction from which purified growth hormone was derived. The 
latter has not been assayed in pigeons as yet. 


TaBLe IV 


Contamination of Purified Growth Hormone with Other Pituitary Hormones 


Highest total dose Total minimum 
of purified growth effective dose of Contamination 
Contamination by hormone found best preparation of of purified growth 
negative for contaminating hormone 
contamination* hormone* 
me. mes. per cenl 
FSH | 10.0 0.004 0.05 
ICSH. 10.0 0.008 0.1 
Lactogenic hormone (20.0)f (0.1) (0.5) 
Thyrotropic hormone 10.0 0.03 0.3 
ACTH 10.0 0.05 0.5 


* The assay used for lactogenic hormone was the systemic crop test in immature 
pigeons; all other hormones were assayed in hypophysectomized rats. 

t The value for contamination by lactogenic hormone refers to the cysteine- 
treated globulin fraction from which the purified growth hormone was derived. 
The latter has not been assayed in pigeons as yet. 


tration of thyrotropic hormone was significantly diminished, in agreement 
with former observations (3). Contamination of the cysteine-treated 
preparations with ACTH was smaller than reported previously, a total 
dose of 7.5 mg. being usually negative for ACTH (4 day test in hypo- 
physectomized rats). 








ves 


re 


oe 











MARX, SIMPSON, AND EVANS 87 


The final product of the purification was so low in physiologically active 
contaminants that a total dose of 10 mg. did not cause any demonstrable 
stimulation of ovaries, thyroids, or adrenals in hypophysectomized rats 
(4 day test, Tables III and IV). Even the cysteine-treated globulin 
fraction was so free of lactogenic hormone that 20 mg. did not stimulate 
the crop sac in the immature pigeon (systemic crop test). On the basis 
of these results and with the values for the minimal effective doses of the 
best preparations of the other pituitary hormones now available, it is 
possible to calculate maximum values, expressed in per cent, for the con- 
tamination of the growth hormone preparations with the other “‘accepted”’ 
pituitary hormones. In Table IV, these values are given for the purified 
growth hormone. 

Recovery of Potency—In the present study the state of purity of the final 
product (as determined by growth hormone activity per mg. of substance 
and by freedom from “contaminating” hormones) was considered more 
important than its yield. Procedures which permitted advance in the 
purification accordingly were adopted, even if yields were not satis- 
factory. Approximately 500,000 GU, (hypophysectomized rat units) 
were extracted with calcium hydroxide from 1 kilo of beef anterior lobes, 
and approximately 65,000 GU yr were recovered in the final product (Table 
II). The actual yield in growth hormone activity is probably better than 
appears from these values, for the following reason. The products of the 
initial three steps of the purification contain appreciable amounts of syner- 
gistic factors, especially thyrotropic hormone (6). These fractions, there- 
fore, contain actually less growth hormone than is apparent from bioassays. 
The synergistic factors are removed to a large extent during the purifica- 
tion procedure, and bioassays of the final product give a more accurate 
measure of the actual growth hormone concentration. 

It is unlikely that the relatively low yield is due to destruction of activity 
during the purification procedure. Only step (4), the cysteine treatment, 
may cause inactivation of a small part of the hormone. A relatively 
larger portion of the activity goes into subsidiary fractions from which it 
can be recovered. As far as recovery of other pituitary hormones is con- 
cerned, no attempt was made in this investigation to purify other active 
principles simultaneously, and, therefore, the method of purification of 
the growth hormone discussed here should not be compared with pro- 
cedures in which several of the pituitary hormones are prepared simul- 


taneously (5, 7). 
Properties of Purified Growth Hormone Preparations 


The purified growth hormone has all the properties typical for proteins. 
According to its solubility in ammonium sulfate solutions it would be 
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classified as a globulin. At earlier stages of the purification procedure, 
most of the growth hormone activity is precipitated at pH 6.0 to 7.5 in 
solutions having a low salt content. Upon further purification the hor- 
mone appears to become increasingly soluble and does not precipitate 
completely under these conditions, even at protein concentrations of 1 to 
1.5 per cent. The possibility exists that the pure hormone is more soluble 
than it appears to be in the preparations obtained so far, and that it is 
easily adsorbed and carried down on other proteins of globulin nature 
present in the preparations. For this reason, it would hardly seem ad- 
visable to classify the growth hormone as a euglobulin, as proposed by 
others (5), until quantitative solubility measurements have been carried 
out with purer preparations. Such determinations have as yet not been 
conducted, since electrophoresis measurements in the Tiselius apparatus! 
have shown that the purified preparations here described still consist of 
two components, one of which represents approximately 60 to 70 per cent 
of the total. For the same reason, analytical chemical studies have been 
postponed. 

No deterioration of the purified product was demonstrable when it was 
kept for a period of a year as a dry powder in vacuo at 3-5°. In hormone 
solufions, it is of course of great importance to inhibit bacterial growth, 
in order to prevent loss of activity. Storage in the frozen state was found 
impractical for this purpose, since it caused loss of an appreciable part of 
the potency of purified preparations. Instead, butyl alcohol was added 
to 1 to 2 per cent as a bacteriostatic. Such solutions can be injected into 
rats in 1 ce. quantities without any injurious effects. Stability of the 
growth hormone in solution depends on many other factors, such as tem- 
perature, hydrogen ion concentration, hormone concentration, presence 
and concentration of other proteins, inorganic salts, oxygen, etc. At 
3-5°, neutral solutions were stable for several weeks. At pH 3.0 or below, 
practically all growth hormone potency was lost within 12 days at this 
temperature; at pH 4.0, no demonstrable destruction of activity occurred 
within 6 days, but some potency was lost after a period of 8 days. In 
alkaline solutions, the hormone appeared to be relatively more stable. 
The high initial pH of 11.2 to 11.5 of the calcium hydroxide extraction 
(step (2)) did not have any injurious effects, as far as could be estimated. 
Heating of a neutral hormone solution (globulin fraction) for 1 hour at 80° 
destroyed an appreciable portion of the potency, and immersion in boiling 
water for 4 hour decreased the activity markedly, without causing any 


precipitation. 


! Kindly carried out by Dr. C. H. Li. 
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SUMMARY 


A procedure is described for the purification of growth hormone from 
beef anterior pituitary lobes, consisting of the following five steps: desic- 
cation of the gland tissue with acetone, extraction with calcium hyroxide, 
precipitation with ammonium sulfate, treatment with cysteine, and further 
fractionation by pH variation. 

The final product had a potency of approximately 130 growth hormone 
units per mg. (hypophysectomized rat units). Compared with the 
calcium hydroxide extract, this represents approximately a 16-fold in- 
crease in potency. 

The final product contained less than 0.05 per cent of the follicle-stimu- 
lating hormone, less than 0.1 per cent of the interstitial cell-stimulating 
hormone, less than 0.3 per cent of the thyrotropic hormone, less than 0.5 
per cent of the lactogenic hormone, and less than 0.5 per cent of the 
adrenocorticotropic hormone. 
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In Paper I of this series (1) it has been shown that ferritin, although 
crystallizing readily as a cadmium salt, is, in the dissolved state, not a 
homogeneous protein as judged from its behavior on centrifugation, from 
the phase rule solubility test, and from a noticeable if small variability 
in the percentage of Fe, P, and N in various samples. It is the purpose 
of this paper to describe a procedure by which the iron of ferritin can be 
removed and an iron-free, colorless protein prepared, which is homogeneous 
and crystallizes under the same conditions and with the same crystal form 
as ferritin. This protein will be referred to as apoferritin. The inhomo- 
geneity of ferritin will become understandable from this study. 

Crystals of ferritin and apoferritin are shown in Fig. 1. 

Removal of Iron and Formation of A poferritin—When the iron of ferritin 
is reduced from the ferric to the ferrous state in a solution not acid enough 
to denature the protein (7.e. below pH 4) vet acid enough to be compatible 
with the existence of ferrous ions in solution, the ferrous ion may be com- 
bined either with o-phenanthroline or with a ,a’-bipyridine to form a tightly 
bound water-soluble and dialyzable ferrous complex. The reduction can 
be brought about by sodium dithionite (NaS,O,, sodium hydrosulfite). 
The inability of Kuhn, Sérensen, and Birkofer (2) to reduce the iron even 
with hydrosulfite, except under conditions in which the protein is denatured, 
may be explained by the fact that the reduction is slow and that, unless 
the pH of the solution is kept decidedly acid, ferrous ion may not be de- 
tectable. For example, when sodium dithionite is added to a ferritin 
solution in the presence of o-phenanthroline at pH 4.6, the pink color of 
the ferrous complex appears immediately. At pH 5.4 the formation of 
the complex takes place more slowly, and at pH 7.0 only traces of it are 
formed. By carrying out the reduction in a dialysis bag at pH 4.6 in the 
presence of bipyridine or phenanthroline and subsequently dialyzing away 
the ferrous complex, ferritin can be freed from its iron. Eventually there 
results a colorless protein solution which, on addition of cadmium sulfate, 
gives rise almost immediately to colorless crystals of the same shape as 
the brown ferritin crystals. They show in solution the usual color tests 
for proteins. If the erystallization is accomplished in a solution from 
which only part of the iron is removed, the crystals are accordingly more 
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or less pale brown. It is possible to obtain crystals ranging from deep 
brown to colorless with an iron content of from 23 per cent to 0 without any 
variation in the erystal form. Evidently the ability to crystallize as a 
cadmium salt is a property of the colorless apoferritin alone, and does not 
depend upon, or is not interfered with, by the combination of this protein 
with iron.' 

Details of Preparation of Apoferritin—Two modifications of the method 
will be described. The first was used for the majority of our preparations, 
The other was developed only recently. It has the advantage of requiring 
much less bipyridine, but the vield of apoferritin seems to be somewhat 
smaller. 





Oo. 
aes) ° 


Fig. 1. Left-hand, ferritin (brown); right-hand, apoferritin (colorless); * 250. 


Method 1—15 cc. of a ferritin solution, containing 3 per cent ferritin in 
dry weight, are placed in a cellophane bag of | em. diameter, together with 
100 mg. of powdered a ,a’-bipyridine (which is somewhat more satisfactory 
than o-phenanthroline). The cellophane bag is suspended in a narrow 
glass tube of 100 cc. capacity containing acetate buffer of pH 4.6 and ionie 
strength » = 0.05. A current of nitrogen, freed from oxygen, is bubbled 
through the outer solution. When the oxvgen content has decreased 
sufficiently, 100 mg. of NaoS.O, are added to the outer solution; the nitrogen 
is kept bubbling overnight. The iron, in the form of the pink bipyridine 


! X-ray studies by Dr. I. Fankuchen, which will be published later, show that the 
arrangement of the protein molecule is identical in crystalline ferritin and crystalline 


apoferritin. 
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ferrous complex,’ diffuses out of the bag. The bag is then dialyzed against 
distilled water until the diffusate is colorless. Now another portion of 
bipyridine is added and the whole procedure repeated. By this time the 
originally dark coffee-brown solution has faded to a pale brown. From 
this solution, crystals of ferritin with a largely diminished iron content are 
obtained by adding a solution of CdSO,, enough to make the final concen- 
tration of this salt about 5 per cent. These pale yellowish brown crystals 
are dissolved in a 2 per cent ammonium sulfate solution and again sub- 
jected to the whole procedure. Finally, a colorless solution is obtained 
which, on addition of cadmium sulfate, vields crystals of apoferritin, color- 
less, iron-free, but in shape indistinguishable from those of brown ferritin. 
The crystals are not always entirely colorless. A few times they hap- 
pened to be very pale yellow, which may have been due to a slight con- 
tamination with a decomposition product of the bipyridine, formed when 
the solution was not acid enough. Attempts to remove the colored ad- 
mixture by recrystallization or by other means were unsuccessful. 

Method 2—In this method only one treatment with hydrosulfite and 
one with hydrosulfite plus bipyridine are required. 

40 cc. of a 1.6 per cent ferritin solution are placed in a cellophane bag 
of 1 cm. diameter. This bag is inserted into a long glass tube, 2.5 em. in 
diameter and 150 ce. in capacity, filled with acetate buffer (as with Method 
1). 1 em. of sodium dithionite is added with a few glass beads and the 
tube is stoppered tightly, inclusion of air bubbles being avoided. After 
24 hours of intermittent stirring the brown solution becomes pale yellow. 
(The pH of the outside solution then was 5.23.) The bag is now dialyzed 
for 24 hours against running distilled water and the contents are treated 
with cadmium sulfate, whereby pale vellow crystals are yielded. They 
are dissolved, placed in another cellophane bag containing 300 mg. of 
a,a’-bipyridine, and the bag is placed in a tube containing the acetate 
buffer and sodium dithionite as described for Method 1. The bag is 
allowed to stand for 24 hours with occasional stirring. It is then removed 
from the tube and dialyzed and finally the apoferritin crystallized with 
cadmium sulfate. 

Physical Properties of Apoferritin—Ultracentrifugation of apoferritin® 


* a, a'-Bipyridine can be readily regenerated from the Fe-bipyridine complex out- 
side the bag by concentrating the iron complex, making it 2 N with respect to NaOH, 
and steam-distilling off the bipyridine. The distillate is made acid, evaporated down 
to a small volume, made alkaline, and extracted with ether. The ether solution is 
dried with anhydrous NaSO, and evaporated over concentrated H,SO, in vacuo, 
The bipyridine is dissolved in a small amount of hot alcohol, filtered, and precipi- 
tated by adding water. The product is pure white; m.p. 69.5°. 

* The ultracentrifugation of apoferritin will be described in detail by Dr. A. Rothen 
in another paper of this series. 
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shows that this iron-free substance, in sharp contrast to ferritin, is to the 
extent of 99 per cent a homogeneous protein with a molecular weight of 
about 500,000. The remaining heavier protein, amounting to 1 per cent, 
may be considered as an impurity. 

The property of reversible precipitation by heat, such as was described 
for ferritin, is not shown by apoferritin. However, like ferritin, its solu- 
tion is irreversibly denatured and coagulated above 80°. Apoferritin is 
salted-out with ammonium sulfate in the same range as ferritin (7.¢. be- 
tween 15 and 30 gm. of the salt per 100 cc. of solution) and crystallizes with 
cadmium sulfate under the conditions which are also best for crystallizing 
ferritin. 

Insertion of Iron into Apoferritin—A successful synthesis of ferritin 
from apoferritin and a suitable iron compound should be expected to 
clarify the constitution of ferritin. An essential part of this task is to dis- 
cover the kinds of iron compounds that can combine with apoferritin to 
form ferritin. Since in ferritin there is almost | iron atom for each peptide 
group, Kuhn et al. have suggested that each peptide group of the protein 
ntay be linked with | molecule of ferric hydroxide, presumably of the 
composition FeOQOH. The ultracentrifuge experiments on ferritin, how- 
ever, indicated that the iron might be present in the form of colloidal iron 
hydroxide micelles which are loosely bound to the apoferritin molecules. 

Direct interaction of apoferritin with ferric chloride or ferric ammonium 
sulfate did not result in the formation of ferritin, but only in the coagula- 
tion of the protein. Various kinds of colloidal ferrie hydroxide solutions 
which were tested also lacked the property of combining with apoferritin 
in the desired manner. All of them precipitated in the presence of 5 
per cent cadmium sulfate. A detailed description of the various iron 
solutions used will be omitted here in view of the negative results. They 
will be characterized in a later paper dealing with various kinds of ferric 
hydroxide. Suffice it to say that the various colloidal solutions tested 
differed in color, electric charge, particle size, and magnetic susceptibility. 
Organic colloidal iron compounds, prepared with veast nucleic acid, egg 
albumin, or horse globin, were also tested, all of them without success. 
The only way that has been found of synthesizing ferritin from apoferritin 
is as follows: 

It has been mentioned (1) that horse spleen always contains more non- 
hematin iron than corresponds to the ferritin content of the spleen. After 
ferritin is removed by crystallization with cadmium sulfate, there remains 
a brown mother liquor which cannot be made to vield further crystals. 
It contains a brown, colloidal, non-dialyzable iron compound which was 
designated in Paper I as “‘non-crystallizable ferritin.” When this brown 
solution is mixed with apoferritin, addition of cadmium sulfate causes the 
almost immediate formation of typical brown ferritin crystals. It is likely, 
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therefore, that a specific colloidal iron compound present in “non-crys- 
tallizable ferritin’? combines with apoferritin to form ferritin crystals. 
When the brown solution of “non-crystallizable ferritin” is added not to 
a solution, but to a suspension of apoferritin crystals under a cover slide, 
the crystals do not stain brown except perhaps at the surfaces. On the 
other hand, when a dilute solution of crystal violet is added to the sus- 
pension of apoferritin crystals, the crystals are rapidly and intensely 
stained throughout. This indicates that the iron in “non-crystallizable 
ferritin’ is in a colloidal state and is not able to diffuse into the crystal 
lattice spontaneously. 

Analysis of Apoferritin—The analytical data on dialyzed apoferritin, 
dried for 24 hours at 80° and for 3 hours at 110°, are those of atypical 
protein: N (Kjeldahl) 16.1 per cent, total S (Carius) 0.97, C 51.3, H 7.09, 
ash 0.91, P (colorimetric, phosphomolybdate) 0.03, Cd (dithizone titration) 
0.73, Fe (colorimetric, phenanthroline) less than 0.01. 

Because apoferritin is precipitated by cadmium sulfate, it seemed de- 
sirable to know whether any of the sulfur is sulfate ion, tenaciously clinging 
to the protein even after long dialysis. The following experiment was 
made to clarify this problem. A solution of apoferritin was precipitated 
with 5 per cent trichloroacetic acid. It may be expected that any sulfate 
ion clinging to the precipitated protein would be displaced by trichloro- 
acetic ion and the freed sulfate could then be detected in the supernatant 
liquid. No sulfate was found, however, except for the slight trace con- 
tained in the trichloroacetic acid itself. 

Recovery of Apoferritin from Ferritin—Ferritin Solution [X made from 
crystalline material and dialyzed and containing a total of 25.56 mg. of 
N, was treated with bipyridine and sodium dithionite asin Method 1. The 
two crystallizations with cadmium sulfate were prolonged to 48 hours. 
The crvstals of apoferritin were centrifuged down and dissolved in a 2 per 
cent NasSO, solution. A slight residue, looking like a denatured protein, 
was removed by centrifugation. The solution contained 21.5 mg. of N 
(KXjeldahl). This is a recovery of 84.2 per cent of the nitrogen of the 
starting material. 

In another experiment, from a solution of 320 mg. of ferritin containing 
34.2 mg. of nitrogen, 85.4 per cent of the protein nitrogen was recovered 
as apoferritin by the same method. If one assumes that the nitrogen 
remaining in the mother liquors of the two crystallizations is also apofer- 
ritin nitrogen, the recovery would rise to 92 per cent. 


mg 

Total N in original ferritin solution.............. asete 6 cx peue se hike ne 
*« ** apoferritin crystals ie sv ipicee ed bis'd VOC WE bc ean 29.3 
“ Mother Liquor I (from Ist erystallization)................ 1.30 
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By Method 2 in one experiment a recovery of 75 per cent of the nitrogen 
was obtained. 

Colloidal Iron Compound in “‘Non-Crystallizable Ferritin’’—An analysis 
of “non-crystallizable ferritin,” 7.e. the brown mother liquor remaining 
after the crystallization of ferritin (see (1), Table III, Preparation VII), 
reveals that the relative nitrogen, phosphorus, and iron values do not differ 
appreciably from ferritin itself. It is likely that the iron in that brown 
solution is present as a colloidal ferric hydroxide, the micelles of which may 
contain, to some extent, anionic constituents other than OH, and that these 
micelles are loosely attached to proteinaceous material, including some 
denatured apoferritin. There is no method available as yet for separating 
the colloidal ferric hydroxide from its concomitant material, other than to 
withdraw it by its specific affinity for apoferritin. From the evidence 
presented in Paper I (1), it is likely that the ferric hydroxide micelle con- 
tains all the phosphorus of ferritin, which is in the ratio of 1 P to 8 or 9 Fe. 
This specific colloidal iron compound is characterized by two distinctive 
physical properties. One is its magnetic susceptibility, which has a very 
unusual value for a ferric compound. This will be discussed in a later 
paper. The other property is its ab.lity to withstand coagulation by salts, 
especially by 5 per cent cadmium sulfate. 


DISCUSSION 


One of the obvious problems which presents itself is how the iron atoms, 
which make up 23 per cent of the dry weight of ferritin, are attached to the 
protein. The facts presented in the preceding pages are scarcely com- 
patible with the hypothesis proposed by Kuhn et al. that each iron atom is 
attached to one peptide group of the protein; that is to say, that the iron is 
atomically dispersed throughout the protein. The facts against such a 
hypothesis are these. The splitting of the brown iron-containing protein 
into a colorless, iron-free protein and an iron-containing residue can be 
brought about merely by ultracentrifugation. The solution of ferritin 
does not behave, on ultracentrifugation, as a homogeneous solution. On 
the other hand, synthesis of ferritin occurs when apoferritin is mixed with 
“the specific iron solution” which obviously contains the iron not in a 
molecularly dispersed form but in a colloidal state. The crystal form is 
independent of whether apoferritin is iron-free or more or less saturated 
with iron. The facts presented here are compatible with the assumption 
that in the crystals of apoferritin the interstices are filled with micelles 
of the specific iron compound. In solution, the micelles adhere to the 
protein molecule but the binding is so loose that they can be separated 
merely by centrifugal force. Our hypothesis is also compatible with the 
inhomogeneity of ferritin demonstrated in the phase rule solubility test, 
and with the variability of its composition with respect to Fe, N, and P. 
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The property which renders the colloidal iron hydroxide present in the 
“non-crystallizable ferritin” alone suitable for the combination with apo- 
ferritin cannot be stated as vet. However, no other iron compound 
was found to be able to combine with apoferritin in the desired manner. 
Whether this specifie property is due to a specifie spatial configuration of 
an iron hydroxide micelle or, in part, to some unknown anionic constituent 
of the micelle cannot be decided as yet. 

That inhomogeneity of a ferritin solution does not show up on electro- 
phoresis is a remarkable fact which still awaits an explanation, but it is not 
contradictory to the fact that inhomogeneity is shown by other methods. 

In conclusion, it may be pointed out that apoferritin is a homogeneous 
protein which, in spite of its high molecular weight, lends itself to rapid 
crystallization as a cadmium salt. 

SUMMARY 

Ferritin, a protein of brown color, containing over 20 per cent of iron 
in the ferric state, and ecrystallizable as a cadmium salt, can be freed from 
its iron by reduction to the ferrous state and removal by dialysis after 
combination with a@,a’-bipyridine. An iron-free, colorless protein solu- 
tion results from which the protein crystallizes in the presence of cad- 
mium sulfate in the same crystal form as does ferritin. This colorless 
protein is designated as apoferritin. It is, in contrast to ferritin, a homo- 
geneous protein. Ferritin can be regenerated from it by mixing apofer- 
ritin with the brown mother liquor remaining after crystallization of fer- 
ritin. This mother liquor contains iron in a colloidal state which has not 
yet been fully characterized. No other iron compound was found to be 
able to combine with apoferritin to form ferritin. As regards the structure 
of ferritin, it is suggested that the iron is not atomically dispersed in fer- 
ritin, but that micelles of some iron compound, essentially ferrie hydroxide, 
fill the interstices of the apoferritin structure. 
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The recent finding that hypéphysectomy causes a striking decrease in 
the liver arginase in rats and that this process can be reversed by the ad- 
ministration of adrenocorticotropic hormone (1)! indicates an important 
réle for the adrenal in the hormonal control of arginase activity. It there- 
fore appears of some importance to investigate which of the crystalline 
adrenocortical hormones could be held responsible for this action. Quali- 
tative and quantitative differences in the activities of these steroids have 
already been demonstrated in recent years (2,3). It has become evident 
that the presence or absence of an oxygen atom on Cy and on Cj; is of 
decisive influence on the type of activity to be expected. For this reason 
steroids with and without such oxygen atoms were included in this study. 
This was made possible because of the kind interest of E. C. Kendall in this 
problem; we were thus able to obtain an adequate supply of steroids with 
an oxygen atom on Cy; 7.c., Compounds B, A, and E (corticosterone, 
11-dehydrocorticosterone, and 11-dehydro-17-hydroxycorticosterone). As 
a representative of the other class, 11-desoxycorticosterone was available 
in the form of the acetate (DOCA). However, the low solubility of this 
substance in aqueous media, when compared with that of corticosterone, 
might be held to invalidate attempts to compare the effects of these two 
substances and it therefore appeared desirable to use a more soluble deriva- 
tive of desoxycorticosterone. This was made possible through the kind 
conveyal of a small amount of desoxycorticosterone sodium succinate by 
Dr. C. R. Scholz of Ciba Pharmaceutical Products, Inc. 


Experimental Conditions and Methods 


Immature female rats were employed. They received hormone treat- 
ment for 3 days (in one case 4 days) before autopsy. Normal rats were 
used when 24 to 26 days old, hypophysectomized rats at the age of 33 to 35 


* Aided by grants from the Research Board of the University of California, the 
Rockefeller Foundation, New York, and Parke, Davis and Company, Detroit. 
We wish to acknowledge assistance from the Work Projects Administration, Official 
Project No. OP-65-1-08, Unit A5. 

1 Fraenkel-Conrat, H., and Evans, H. M., Am. J. Physiol., in press. 
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days, and adrenalectomized rats at the age of 40 days, both types being 
operated upon when 26 to 28 days old. The rats were fasted for 7 to 8 
hours preceding autopsy (starting at 8 a.m.) except in two experiments in 
which the rats were fasted 24 hours, starting at 1 p.m.* Preceding the fast, 
food in the form of a wet paste was given ad libitum, except in one experi- 
ment in which treated and control rats were fed identical amounts of diet 
by stomach tube. The hormones were administered either in sesame oil 
subcutaneously,’ two or three times daily, or orally, ¢.e. both in solution 
in the drinking water and mixed with the diet. Hypophysectomized rats 
of the type used drink so amply that administration with the drinking 
water insured a sufficient supply of hormone, even in the case of the very 
insoluble DOCA. To administer sufficient amounts of the various com- 
pounds orally to normal rats which drink considerably less, the steroids 
were also introduced into the diet, either by using their aqueous solution 
for the usual wetting of the diet or by mixing and homogenizing the dry 
diet in an ether solution of the steroids, then allowing the ether to evap- 
orate, and wetting the diet to a paste as usual. The latter method was 
used in an experiment in which it was important to insure the administra- 
tion of identical amounts of hormone to each animal of several groups of 
rats which were being fed by stomach tube only (Table III, A). While 
it has been recognized that the steroids with an oxygen atom on Cy are if 
anything more active when given orally than parenterally, the effective- 
ness of DOCA upon oral administration has been questioned on the basis 
of experiments in which this hormone was given in sesame oil once daily 
by stomach tube (4). Evidence will be presented elsewhere‘ confirming 
Grollman’s finding (5) that the almost continuous oral administration of 
the hormone mixed with drinking water and diet leads to the expected 
hormonal effects. Since in most experiments only the average arginase 
content of the pooled livers of groups of three rats was determined, it also 
appeared of importance merely to establish the average amount of hormone 
consumed daily by each group of rats, thus obviating the need for individ- 
ual cages. To determine the variability in the arginase content of indi- 
vidual rats within groups, single livers were analyzed in a number of 
experiments. In those cases equal dosage was insured either by parenteral 
administration or by giving the hormone mixed with the food by stomach 
tube. In such experiments it was found that, in groups of four rats, a 
positive difference (increase) of 33 per cent and a negative one of 25 per 


? The arginase of untreated rats is 30 per cent higher after 8 hours than after 24 
hours fasting (Fraenkel-Conrat and Evans, unpublished experiments). 

} Sesame oil alone was found to have no effect on liver arginase at the doses used 

‘ Fraenkel-Conrat, H., Proc. Soc. Exp. Biol. and Med., in press 
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cent were statistically significant (P < 0.05); an increase of 50 per cent 
was found highly significant (P < 0.01). 

The rats were anesthetized with sodium amytal before excision of the 
livers. These were partly used for glycogen determinations,> while 0.4 
to | gm. of each liver was immediately placed on ice for arginase assay. 
In the rats which had been operated on, complete removal of the pituitary 
or adrenal was ascertained before the liver samples of a given group were 
pooled, those from animals in which removal of the organs was doubtful 
or incomplete being omitted. The liver tissue was broken up into a fine 
suspension in a Waring blendor, with 100-fold of water; arginase deter- 
minations on the centrifuged solutions were carried out according to the 
method of Takehara (6). The arginase activity per gm. of liver was caleu- 
lated and expressed in units according to Edlbacher and Rothler (7). 
Since activators were neither added nor removed from the liver extracts, 
the determinations give a measure of arginase activity rather than of the 
concentration of the enzyme in these livers. Whenever in this discussion 
arginase content or concentration is mentioned, reference is made to the 
naturally activated arginase or the arginase activity encountered in the 
tissue. Since the ratio of liver weight to body weight did not vary greatly 
in similarly fasted groups and since the arginase content of organs other 
than the liver is comparatively small, this method of expressing activity 
of liver arginase permits comparative estimates of the total arginase of 
various types of rats. Actually, in the groups included in this paper, the 
livers of normal rats, fasted for 8 hours, varied in weight from 3.9 to 4.7 
per cent of the body weight, in hypophysectomized rats from 3.4 to 4.1 
per cent. The only definite changes in relative liver weight were the 
increases produced by high doses of Compound E; the livers of these rats 
averaged 5.3 and 4.7 per cent of the body weights respectively for normal 
and hypophysectomized rats. 

Results 


The experimental results are summarized in Tables I to 1V. It is evi- 
dent that Compound FE (17-hydroxy-11-dehydrocorticosterone) caused 
striking increases in the concentration of liver arginase of hypophysectom- 
ized and adrenalectomized rats, with lesser effects in normal rats. The 
lowest dose (0.3 mg. daily) produced a border line effect but dosages of 
0.4 to 0.9 mg. regularly produced increases of 50 to 100 per cent in hypophy- 
sectomized rats. In both normal and hypophysectomized rats, the high- 
est doses of Compound E were found slightly less effective in increasing 


Fraenkel-Conrat, H., Herring, V. V., Simpson, M. E., and Evans, H. M., un- 


published experiments. 
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liver arginase concentration than lower ones; but at these high levels, liver 
weights were found increased and calculation of the total liver arginase of 


TABLE I 
Effect of Adrenal Steroids on Liver Arginase Content of Hypophysectomized Rats, 
Fasted for 8 Hours 
Immature females (three per group), 26 to 28 days old at operation, were used; 
treatment was begun | week following operation. The hormones were administered 
for 3 days. 
Arginase is expressed in the units defined by Edlbacher and Rothler (7). 


bap any“ ie — . 
Hormone compound a ee iepeas content per weight pny 
100 gm. rat change - 
Change weightt 
mix unils percent m cm me 
EF. (17-hydroxyvdehydrocorticosterone) 1.10. 1840 +39t 580 7 81 
0.9 ** 2060 +56 116 65 
0.6 *' 240 +93 105 -2 135 
0.6358. 2190) +66 373 +] QS 
0.30 1660 +26 6 118 
\ (dehydrocorticosterone 0.638 2070 +57 331 2 119 
0.60 2380 =+S0 339 —4 150 
0.5 * 2200 +74 346 —4 139 
B (corticosterone 0.4 °° 2110 +60 233 —5 177 
DOCA (desoxveorticosterone acetate) 3.038 1940 +47 $26 +6 146 
E hy 1550) =6«+17 +2 
0.5 1OSO —I1S 0 
0.50. 1090 —17 293 +4 167 
a 1160 —12 -2 168 
Desoxycorticosterone sodium succin 0.9 ** 1450 +10 204 —] 147 
ate 
Controls (11 groups 1320 231 0 167 


*O. indicates administration with the drinking water, 8. subcutaneous injection 
in sesame oil distributed over two or three daily doses 

+ Calculated from determinations of muscle and liver glycogen and blood sugar 

to be reported by Fraenkel-Conrat, Herring, Simpson, and Evans), assuming that 
muscle glycogen and blood sugar are both distributed over 50 per cent of the body 
weight (8) 

t Livers in this group weighed 4.7 per cent of body weight, in controls 3.8 per cent. 
The total liver arginase was 8600 units in the treated and 4400 units in the control 
group; f.e., an increase of 96 per cent. Liver weights were not determined in the 
group receiving 0.9 mg. of Compound EF. They were found similar to the controls in 


all other groups. 


these animals, rather than of the enzyme concentration, indicated also in 
these groups what appeared to be maximal effects obtainable within 3 days. 
Corticosterone and its dehydro derivative (Compounds B and A) were 
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tested and found effective in producing similar increases at dosages of 0.4 
to 0.6 mg. daily in hypophysectomized rats, while in normal rats 0.3 and 
0.6 mg. of Compound A were ineffective. When similar dosages of Com- 
pounds A and E were given by two different methods, administration with 
the drinking water was found slightly superior in both cases to subeuta- 
neous injection in sesame oil. 

In contradistinction to the effectiveness of the hormones with an oxygen 
atom on Cy, the derivatives of desoxycorticosterone caused no significant 
increases in liver arginase in any type of rat at similar dose levels. At 


TaBLe II 
Effect of Adrenal Steroids on Liver Arginase Content of Normal Rats, Fasted for 8 Hours 
Immature females (three per group), 24 to 26 days old at onset of treatment. The 
hormone was administered for 3 days, either mixed with the diet and drinking water 
(O.) or in sesame oil distributed over 3 daily injections (S.). 


Arginase Carbo- 





nite yer gm. liver | hydrate Body , 
Hormone — siti | oe Lay — my 
| Change| weight 
me. units |per cent me. gm. | mg. 
Compound E 1.20. | 3210 | +13*| 784 | -—2| 39 
0.3 ** 3740 | +32 | | +7 158 
- A | 0.68. | 2630; -7 | +11} 151 
0.3 0. , 3070 +8 +12 | 213 
DOCA 3.08. | 2220 | —22 | +13) 161 
Desoxycorticosterone sodium sucein- | 1.3 O. | 2840 0; 380 | +9) 216 
ate | 

Controls (2 groups) 2840 | 353 | +8 | 203 


* The livers in this group weighed 5.3 per cent of body weight, in the controls 4.4 
per cent. The total liver arginase is 17,000 units in the treated group, 12,000 in the 
control; 7.e., an increase of 42 percent. Liver weights were not affected by the treat- 


ment in any other group. 


low doses, DOCA actually produced decreases in the liver arginase concen- 
tration of hypophysectomized rats, as well as at a higher level in normal 
rats. While these decreases were not very pronounced, they appeared of 
possible significance in view of the fact that pituitary growth hormone has 
been shown to cause decreases in liver arginase.! Of the adrenal hor- 
mones, DOCA appears to favor increases in body weight, while those 


® In one experiment a high dose of DOCA (3 mg. daily) caused 47 per cent increase 
in liver arginase in hypophysectomized rats. It appears significant that in this, 
as also in regard to the maintenance of carbohydrate stores during fasting (see foot- 
note 5), DOCA proved one-fifth to one-eighth as effective as corticosterone and 


similar compounds. 
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compounds with oxygen on Cy, have the opposite tendency ((2, 3), also 
Table I). It seems conceivable that the observed decreases in arginase 
activity are non-specific and that they might naturally accompany any 


Tas_e III 
Effect of Adrenal Steroids on Liver Arginase Content of Hypophysectomized and 
Adrenalectomized Rats, Fasted for 24 Hours 

Immature females, 26 to 28 days old at operation. Hormone treatment (A) for 
4 days, starting 6 days after hypophysectomy; (B) for 3 days, starting 14 days after 
adrenalectomy. All rats in (B) received 1 per cent NaCl solution to drink during 
the preexperimental period, and in all but one group during the period of hormone 
treatment. QO. oral; S. subcutaneous. 


Arginase per gm Carbohy- 


i drate con- Body |». 
Hormone* Daily dose liver tent per weight — 

° 100 gm. rat | change | “*'8 

| Change weight 

(A) Hypophysectomized rats on identical food intaket 
me units per cent m gm me. 
Compound E (4) 0.66 O. 1660 +79 227 —4 56 
DOCA 0.65 * 1000 +8 208 —3 173 
Controls (4)f 930 236 -] 115 
Normal controls (5) 1860 +100 338 —4 150 

(B) Adrenalectomized rats, maintained on 1% NaCl 
Compound E (5 1.08. 1090 +85 289 +-1] 329 
DOCA (4) .o* 730 +24 268 +15 368 
Controls (4) Salt, as above 590 211 +5 389 
ate (2) Without salt for 580 221 +2 348 

1 days 

Normal controls (5 On salt 1900 =+220 279 +6 365 


* The figures in parentheses indicate the number of animals per group. Individual 
livers were analyzed in this experiment. The individual arginase concentrations 
were 1430, 1470, 1830, 1910 units (Compound E); 740, 980, 1100, 1180 units (DOCA); 
670, 800, 1060, 1180 units (hypophysectomized controls). 

+t The hormone was mixed with the diet (only 3 gm. per day) and administered by 
stomach tube approximately every 8 hours; only 0.4 and 0.15 mg. of Compound E 
and DOCA, respectively, were given during the fasting period, in aqueous solution 
by stomach tube. 

t The average arginase content of eighteen groups of livers of similar rats fed ad 
libitum preceding the 24 hour fast is 1000 units per gm. 


positive nitrogen balance with its concomitant disuse of the urea-forming 
enzyme systems. Conversely, the increases in arginase provoked by Com- 
pounds A, B, and E might well be secondary to an increased rate of gly- 
coneogenesis and protein catabolism, leading to a negative nitrogen bal- 
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ance. The question poses itself, do hormonally produced changes in 
arginase activity represent homeostatic adjustments to changes in nitrogen 
metabolism or are they primary in nature, leading secondarily to the 
changes in the nitrogen metabolism? Two findings favor the latter inter- 
pretation. Thus pronounced increases in liver arginase were obtained 
even with levels of the steroids inadequate to stimulate sufficient glyco- 
neogenesis for the maintenance of carbohydrate stores during fasting 
(Table I, corticosterone; Table ILI, A, Compound E). Further, arginase 
was also found to be increased by Compound A in two groups of rats which 
were not fasted and were in nitrogen balance.’ Thus it would appear 


Tasie IV 
Effect of Gonadal Sleroids on Liver Arginase Content of Hypophysectomized Rats» 
Fasted for 8 Hours 
The rats were of the same type as in Table I. The hormones were given sub- 
cutaneously in sesame oil. 


| Arginase per gm. liver 





Hormone Daily dose satin 

| Change 
meg. unils | per cent 
Estradiol dipropionate 0.5 980 — 26 
“ 0.01 1360 | +3 
" benzoate 0.5 1300 —2 
Progesterone 0.5 1520 +15 
Testosterone propionate 0.5 1670 +27 
= wi 0.5 1490 +13 
a = 1.0 1490 +13 

Controls (from Table I) 1320 


probable, though by no means proved, that corticosterone-like compounds 
directly effected changes in arginase activity which in turn produced or 
contributed to an increased rate of protein catabolism and glyconeogenesis.*® 

In view of the influence of diet and food intake on liver arginase concen- 
tration (10), it appeared important also to study the effect of adrenal 
steroids in rats receiving identical amounts of food. Thus hypophysec- 
tomized and normal control rats were fed only by stomach tube for 4 days 


7 Hypophysectomized rats received 0.3 mg. of Compound A orally for 3 days. 
The treated animals consumed more food and excreted correspondingly more nitro- 
gen. Their carbohydrate stores were found increased at autopsy (450 mg. per 100 
gm. of rat, compared to 350 mg. in the controls) ; body weights remained unchanged in 


all rats. Liver arginase of the treated rats was 40 per cent higher than in the con- 
trols. 
8 Evidence for a similar action of adrenal steroids on amino acid oxidase has been 


reported (9). 
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preceding a 24 hour fast (Table III, A). Also under these conditions, 
Compound E produced a great increase in the liver arginase of the hy- ’ 
pophysectomized animals, causing it to approach the level in normal rats, 
while DOCA showed no significant effect. 

A number of gonadal steroid hormones have been included in this study 
for purposes of comparison. None of these was found to have consistent 
or pronounced effects when administered at levels comparable with those 
employed with the adrenal steroids (Table IV). After these experiments 
had been completed, an article appeared reporting increases in arginase 
activity following prolonged administration of testosterone propionate to 
castrated rats (11). An insignificant tendency in this direction appears 
also in our experiments which differ in many respects from those quoted 
above. On the basis of the demonstration by Edlbacher et al. (12) of 
arginase activity in tumor tissue, Kochakian and Clark (11) attempted to 
correlate the observation of an increase in arginase activity with the pre- 
viously demonstrated nitrogen retention and growth effects of testosterone. 
This appears untenable in view of all our recent findings concerning hor- 
monal control of liver arginase in a standardized test object; growth was 
always found to be accompanied by decreases, protein catabolism by in- 
creases in this enzyme system.’ It appears probable that the increase of 
liver arginase from high doses of testosterone may be due to its chemical 
resemblance to the adrenal steroids or be mediated by another endocrine 
gland. 

The striking ability of certain adrenal hormones to increase the liver 
arginase concentration of rats indicated the importance of studying the 
effect of adrenalectomy on this enzyme system. Liver arginase was there- 
fore determined in immature adrenalectomized rats, 17 days after the 
operation (Table III, B). All rats received 1 per cent sodium chloride to 
drink for 2 weeks after the operation and, as is usual, continued to grow 
under this treatment. The adrenalectomized rats were then divided into 
four groups, three of which were continued on salt, while one received only 
tap water and a salt-free diet. Two of the salt-treated groups received 
| mg. daily of Compound E and DOCA, respectively. A control group, 
not operated on, was given salt water to drink. All rats were fasted for 
24 hours preceding autopsy. Analyses of their livers indicated a pro- 
nounced decrease in activity of liver arginase following adrenalectomy, 


’ While arginase has been demonstrated to be associated with rapidly growing 
tissues (12), it seems to occur there only in small amounts, as compared with its 
concentration in mammalian livers. Its function also appears to be entirely differ- 
ent in tumor and in liver tissue. It has never been claimed by Edlbacher and his 
associates that increased liver arginase accompanies general growth processes, but 
only that this enzyme can be detected in tissues of high mitotic activity. 
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lowering it to one-third that of the normal rats; these levels are even below 
those observed following hypophysectomy. Salt treatment alone did not 
effect a change, while a slight rise was produced by DOCA and a pro- 
nounced increase by Compound E. 


DISCUSSION 


A considerable body of knowledge concerning the differential activities 
of various adrenal steroids has accumulated in the last few years and has 
been summarized in recent reviews (2, 3). The presence of an oxygen 
atom on C,, was found greatly to increase the capacity of these steroids 
to cause the changes in carbohydrate and protein metabolism characteristic 
of the adrenal cortex. Increased rate of glyconeogenesis and protein 
catabolism, contrainsular, “diabetogenic,” glycostatic, and glycotropic 
activities have all been described. These and several other effects which 
are not so clearly connected with this group of phenomena, such as in- 
creased work performance in the Ingle test, thymus atrophy, etc., are 
produced much less effectively if at all by desoxycorticosterone and the 
amorphous fraction. 

To the series of related carbohydrate and protein metabolic effects of the 
adrenal, another has now been added in the demonstration of the de- 
pendence of liver arginase activity upon the adrenal. It has also been 
shown that an oxygen atom on Cj, is favorable to, if not essential for, the 
action of adrenal steroids in bringing the liver arginase of hypophysec- 
tomized or adrenalectomized rats back to normal or increasing it to super- 
normal levels. On the other hand the presence or absence of an oxygen 
atom on C;; did not appear to affect this activity. Theamount of hormone 
needed for the arginase effect has been found to be similar to or possibly 
slightly lower than that necessary to produce the other changes. There 
are indications that the arginase-increasing action (probably in conjunction 
with effects on other enzyme systems) is primary and responsible for many 
of the metabolic effects of the adrenal cortex which have been previously 
recognized and described. 

Attention may be drawn to the similarity in the effects of cortical steroids 
and of the pituitary adrenocorticotropic factor in the control of liver argi- 
nase. Here, as in all other aspects, the pituitary principle resembles in its 
action those adrenal steroids which have an oxygen atom on Cy, rather 
than desoxycorticosterone. Swann (13) in his interesting review of the 
pituitary-adrenocortical relationship has classified the functions of the 
adrenal cortex as slightly, partially, or greatly influenced by the pituitary 
gland. From knowledge which has since accumulated, it appears as if all 
adrenal functions which are greatly influenced by the pituitary can be 
reproduced by administration of the steroids with an oxygen atom on Cu, 
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and less effectively if at all by other hormonal components of adrenal 
extracts. It would thus appear that the hypophysis controls primarily 
the secretion of a hormone or hormones structurally related to corti- 
costerone; 7.¢e., containing an oxygen atom on Cy). 


SUMMARY 

1. Adrenalectomy was shown to cause a marked decrease in the arginase 
activity of rat livers, exceeding that which has been observed following 
hypophysectomy. 

2. Administration of small amounts of corticosterone, 11-dehydro- 
corticosterone, and 11-dehydro-17-hydroxycorticosterone produced in- 
creases of the liver arginase in normal, hypophysectomized, and adrenal- 
ectomized rats. 

3. Desoxycorticosterone, administered at similar dose levels, was shown 
to have no or a slight arginase-decreasing action in all three types of rats. 

4. No significant effects were produced by male and female sex hormones 
at similar dosages. 

5. Attention was directed to the probability that the effect of the adreno- 
cortical hormones on certain enzyme systems, such as that here studied, is 
basically responsible for the rdle of this gland in the control of carbohydrate 
and protein metabolism. 
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A NEW METHOD FOR THE MICRODETERMINATION OF 
IODINE IN CERTAIN BIOLOGICAL MATERIALS 


By BAHMAN K. SHAHROKH 
(From the Department of Bacteriology, University of California, Berkeley) 


(Received for publication, September 25, 1942) 


In the course of studies on antigen-antibody reactions, with iodoproteins 
as the antigen, it was realized that a quick, accurate method for the 
determination of iodine would be of great value. With this purpose in 
mind a number of powerful oxidizing agents were studied, and it was 
found that potassium chlorate in sulfuric acid would give excellent results. 
After studies with regard to the most suitable quantities and optimum 
ratios of these two reagents, a standard method was developed which is 
described in this paper. The procedure should not be considered as 
absolutely rigid. The quantities of sulfuric acid and potassium chlorate 
as well as their ratio can be changed to suit the purpose. 

The method is simple to operate, and does not require any special equip- 
ment. Many samples can be run at the same time and determination can 
be completed in a short period of time. Small quantities of reagents are 
used which can easily be freed from iodine,' thus minimizing the danger 
of iodine contamination. Digestion is carried out at comparatively low 
temperatures, so that no loss of iodine occurs due to vaporization. It has 
the accuracy of 0.8 y for one determination, 0.5 y for the average of two 
determinations, and 0.2 y for the average of three determinations. 
Any percentage of iodine in the compound can be determined, as long as 
the dry weight of the sample does not exceed 30 mg. This method is not 
readily adapted to the analysis of blood or tissues which contain certain 
metals, ¢.g. iron or manganese, but it will probably be a reliable and use- 
ful procedure under appropriate circumstances for many routine analyses 
upon a well known type of material. Although the writer has successfully 
used this method for iodoproteins containing as high as 13.1 per cent 
iodine, the method is not as convenient as the Grod&k permanganate 
oxidation for iodoproteins containing over 5 per cent of iodine. Its chief 
advantage lies in the analysis of material containing from 0.05 to 1 per 
cent of iodine; ¢.g., for analysis of thyroid preparations. Even so, it isnot 
so accurate as the Kendall-Hunter method, which, however, requires an 
hour’s time and much more material. 


1 Sulfuric acid can be made iodine-free if concentrated sulfuric acid is boiled for 
10 minutes. Potassium chlorate can be purified by dissolving it in boiling water, and 
then allowing it to cool and crystallize. Crystallization is carried out three times, 
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In this method the material to be analyzed is digested with potassium 
chlorate in sulfuric acid,? which at the same time oxidizes the iodine in the 
compound to iodic acid. Soon after heating, chlorine oxides are pro- 
duced which decompose at higher temperatures, leaving a clear colorless 
liquid. After dilution the traces of chlorine are removed from the solu- 
tion, and the iodine is released by the addition of potassium iodide solution 
and determined by titration with sodium thiosulfate. 


Method 


One to twelve samples can be run at a time. The digestion is carried 
out in micro-Kjeldahl digestion flasks. As chlorine will be evolved, care 
should be taken to prevent it from escaping. If inverted rubber stoppers 
are placed around the necks of the flasks, which are then fitted tightly into 
the tube of the digestion rack, no difficulty is encountered. The vacuum 
in the tube of the digestion rack should not be more than a few em. of 
mercury; otherwise frothing and bumping may occur. 

2 ml. of sulfuric acid (concentrated, sp. gr. 1.84, diluted with an equal 
volume of distilled water) are added to each of the digestion flasks, fol- 
lowed by 1 ml. of the liquid to be analyzed. If the sample is in solid 
form, | ml. of distilled water should be added with the sample. Owing 
to the fact that the sample should be in contact with the reagents during 
digestion, care Should be taken that no large particles of solid matter are 
left on the sides of the flask. The quantity of potassium chlorate to be 
added depends on the solid content of the sample. For each 10 mg. of 
dry matter 0.25 gm. of potassium chlorate* is added, the limit being 
0.75 gm.® 

Heat the flasks very gently until the liquid becomes green. Continue 
heating for about 2 minutes (for 0.500 gm. of potassium chlorate heat for 
5 minutes, for 0.750 gm. heat for 10 minutes), after which the flame can 
gradually be increased. If there is any bumping, the flame should be 
lowered. Boil the liquid until the color fades away and white fumes start 


? If potassium chlorate crystals are brought in contact with concentrated sulfuric 
acid, a mixture of chlorine oxides and their acids is produced which is highly ex- 
plosive; if, however, the sulfuric acid is diluted 2 or 3 times, as long as 
the potassium chlorate content does not exceed the limit of 0.750 gm., the mixture 
can be handled with safety. 

4 If there is a possibility of inorganic iodide being present, in order to avoid loss of 
inorganic iodine it is better to add the reagents without the sample. Heat until the 
green color is produced, cool for 1 minute, add the sample, and proceed with digestion. 

‘ If the potassium chlorate is iodine-free, this amount can be measured by volume 
of the solid instead of the weight. 

6 For higher solid content as much as 1 gm. of potassium chlorate ean be added 
without any danger if an extra ml. of water is added to the mixture and the heating is 


earried out with great caution. 























B. K. SHAHROKH 111 


to evolve. Continue heating for 1 more minute at the same rate. If the 
green color returns, continue heating until the liquid becomes colorless or 
white. Turn off the flame and leave the flasks to cool. The process of 
digestion takes about 10 minutes for 0.250 gm., 20 minutes for 0.500 gm., 
and 30 minutes for 0.750 gm. of the added potassium chlorate. 

As soon as the flasks are cool enough to permit the addition of water 
without boiling, 10 ml. of distilled water are added to each flask and the 
contents then transferred to 50 ml. Erlenmeyer flasks which have been 
previously marked to the 15 ml. level with a diamond pencil. Wash the 
digestion flasks twice, each time with 5 ml. of distilled water, and transfer 
to the corresponding Erlenmeyer flasks. Add a piece of pumice stone to 
each flask, and boil until the level of the liquids reaches the 15 ml. mark. 
The digestion rack can be used for this purpose. Cool the flasks in shallow 
running water and add a crystal of phenol to each flask. Add 1 ml. of 
0.5 per cent solution of potassium iodide and titrate immediately, with a 
solution of freshly prepared 0.001 N solution of sodium thiosulfate. For 
values of more than 0.2 mg. of iodine use 0.01 N solution of sodium thio- 
sulfate. 1 drop of 1 per cent starch solution is used as indicator. The 
use of the micro burette will give slightly more accurate results if the 
titration is completed in a short period of time. As will be explained in 
the next paragraph, the period of titration is of importance in the accuracy 
of results. For this reason an ordinary 5 ml. burette will, to some extent, 
make up for the accuracy of the micro burette because of the speed in 
titration. 

Small amounts of iodine are liberated from the potassium iodide which 
has been added, owing to the high concentration of acid and the probable 
presence of some oxidizing agents. Although the rate of release of iodine 
is very slow, about 0.7 to 1.0 y in 10 minutes, it is important to time 
all the titrations and finish them at a reasonably constant period of time. 
As this method is designed to save time, this complication cannot be 
avoided unless special methods are used, such as liberating the iodine with 
reducing agents and distilling it over, in which case other methods are 
preferable. Salter (1), MeClendon (2), and Harvey (3) give good reviews 
and references to many methods for microdetermination of iodine. Also, 
because of the large quantitites of salts and acids present, the starch does 
not give a very exact end-point. A more accurate end-point can be ob- 
tained, however, if after digestion the flasks are allowed to cool to room 
temperature, and the salts are precipitated with 5 ml. of 85 per cent 
ethyl aleohol. The precipitate is centrifuged and washed twice with5ml. 
of 85 per cent ethyl aleohol. 5 mil. of distilled water are added to the 
supernatant fluid which contains the iodate, and the procedure of the 
driving off of chlorine is followed, only this time care must be taken to 
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TABLE I 
Determination of Correction Value for Iodine Determination with Todoacetic Acid 


The i 


Digestion was carried out with 0.25 gm. of potassium chlorate. 


dine deter- 


mination was made on 1 ml. of solution in each case. 


(a) 10.6 mg. iodoacetic acid dissolved in 100 ml. 


0.001 N 
sodium 


thiosulfate 


used 

mil. 
3.46 
3.43 
3.46 


Average 


distilled water 


Iodine Calculated 
equivalent value 
my. me 
0.0730 
0.0724 
0.0728 


0.0728 


0.0724 


0.001 N 
. sodium Todine 
Difference thiosulfate equivalent 
used 
me. ml. me. 
0.90 0.0189 
0.86 0.0181 
0.86 0.0181 
+0.0004 0.0184 


(b) 50.00 ml. solution (a) diluted to 100 ml 


to 


— i 
JI J -J 
no > 


Average 


0.0362 
0.0367 
0.0362 


0.0364 0.0362 +0.0002 


Correction value 


Small pieces of a thyroid tablet (Sharp and Dohme, No. 925) were weighed and the 


Determination of Iodine in Thyroid Tablets 


iodine content determined. 


TABLE II 


lodine after 
correction 
me 
0.0184 
0.0131 
0.0112 
0.0037 


TaBce III 


(c) 25.00 ml. solution (a) diluted to 100 ml. 


Calculated 


walien Difference 
m me 
0.0181 +0.0003 


(d) 25.00 ml. solution (c) diluted to 100 ml. 


0.20 0.0042 
0.24 0.0050 
0.24 0.0050 

0.0047 


) 


Per cent of iodine 


0.082 
0.079 
0.0S8SS 
0.079 


0.082 


0.0045 


0.0003 


Difference 


me. 
+0.0002 
0.0003 
+0.0005 
—0.0003 


Determination of Iodine in Diluted Horse lodoalbumin 


Weight lodine 
me me. 
22.3 0.0186 
16.4 0.0133 
12.7 0.0114 
4.7 0.0040 
Average 
“hot Iodine, average of 
Dilution 2 determinations 
mg. 
0.1232 
2/7 = 0.286 0.0352 
4/49 = 0.0816 0.0099 


lodine after 
correction 
me 
0.1229 
0.0349 
0.0096 


112 


Diluted 
Undiluted 


| 
0.285 
0.0781 


Difference 


me. 
+0.0004 
0 
—().0004 





+ 0.0002 
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prevent the alcohol vapor from igniting. This procedure can also be used 
when oxidizing agents which may interfere with the iodide-iodate reaction 
are present. Small quantities of the salts will, however, be left in the 
solution. 

Owing to the slightly high values obtained in this method, a series of 
controls should be run. The figure obtained can be used for correction 
as long as the sulfuric acid and potassium chlorate stock bottles last. 
Although blanks can be run as controls, it has been found that more ac- 
curate results are obtained if iodine determination is made on known 
quantities of either iodoacetic acid or iodopropionic acid and the average 
differences between the experimental results and the calculated figures are 
ysed for the correction. Table I gives a satisfactory method for the finding 
of the correction figure: Tables II and IIT give examples of the range of 
accuracy of this method. The writer has run nearly a thousand duplicates 
on iodoproteins and they all fall within the same range of accuracy. Con- 
trols should also be made and correction figures obtained for different 
quantities of potassium chlorate. 

The time taken for twelve determinations is 1} to 1} hours, depending 
on the amount of potassium chlorate used. When a great number of 
determinations has to be made, more time can be saved if, while one batch 
is boiling in Erlenmeyer flasks, another batch is being prepared in digestion 
flasks, and while the titrations are made for the first batch, the second 
batch is being digested. In this way the time can be reduced to about 
2 to 2} hours for twenty-four determinations, giving an average of about 
5 to 7 minutes for each determination. 


I wish to express my thanks to Dr. H. Sommer of the George Williams 
Hooper Foundation for Medical Research, San Francisco, for his friendly 


criticism of this paper. 
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THE EFFECT OF PROGRESSIVE IODINATION FOLLOWED BY 
INCUBATION AT HIGH TEMPERATURE ON THE THY- 
ROIDAL ACTIVITY OF IODINATED PROTEINS* 


By E. P. REINEKE, M. B. WILLIAMSON, ano C. W. TURNER 


(From the Department of Dairy Husbandry, University of Missouri, Columbia) 
(Received for publicatien, October 26, 1942) 


The reports of Ludwig and von Mutzenbecher (1) and Harington and 
Rivers (2) established the fact that thyroxine can be isolated from hydroly- 
sates of iodinated proteins prepared under rather closely defined con- 
ditions. Little attention was given, however, to the thyroidal effects 
to be obtained without preliminary hydrolysis of the iodinated proteins used. 

Thyroidal responses indicating a relatively low order of potency were re- 
ported for degradation products of iodinated serum albumin by Salter and 
Lerman (3). Similar effects were obtained by oral administration of iodi- 
nated serum albumin itself by Lerman and Salter (4). 

In our early experiments it was found that iodinated casein prepared in a 
medium buffered with sodium bicarbonate exerted thyroidal effects when 
given either orally or by injection. It was demonstrated (5) that, other 
conditions being held constant, the thyroidal activity of iodinated casein 
increases progressively with increasing additions of iodine until sufficient 
iodine has been added to combine 2 atoms per molecule of tyrosine in the 
protein. lodination beyond this point results in a significant loss of thyroi- 
dal activity. 

In extensive experiments that are being published elsewhere (6), it was 
found that, if the iodine input was held constant, and the bicarbonate con- 
centration of the reaction mixture was varied, the attainment of maximal 
thyroidal activity was dependent upon adding sufficient bicarbonate to 
hold the pH within the range of approximately 6.8 to 8.0. Addition of 
insufficient bicarbonate resulted in products with low activity; the use of an 
excess of bicarbonate appeared to have no effect on the result, however. 

All of the reactions up to this point had been conducted at the usual tem- 
perature of 38°. When the concentrations of both the iodine and the sodium 
bicarbonate were held within the optimal ranges thus established, it was 
found (6) that about a 4-fold increase in thyroidal activity could be obtained 
by incubating the preparations at an elevated temperature of 60—70°. 
Furthermore, this increase would take place whether the protein was first 


* Contribution from the Department of Dairy Husbandry, Missouri Agricultural 
Experiment Station, Journal Series, No. 872. 
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iodinated, and then incubated at the elevated temperature, or the reaction 
was conducted at the elevated temperature throughout. 

The question then arose whether or not the extent of iodination used 
would limit the reaction under these new conditions in a manner similar to 
that observed previously. The experiments described in the present report 
were designed to throw additional light on this question. 


EXPERIMENTAL 


The preparations of iodinated protein were made up exactly as described 
previously (5) except that the desired amount of iodine was first combined 
with the protein at a temperature of 38-40° and the temperature was then 
increased to 70° during the subsequent incubation period of 18 to 20 hours. 

Series I was prepared from casein containing 5.65 per cent tyrosine, as de- 
termined by the method of Lugg (7). Six different preparations were made up 
with the amount of iodine added, increasing progressively from 7.5 to 38 gm. 
per 100 gm. of protein. A soy bean protein kindly supplied by the United 
States Regional Soybean Industrial Products Laboratory, Urbana, was used 
in preparing Series II. The tyrosine content of this protein was found to 
be 4.22 per cent. Graded amounts of iodine ranging from 6.0 to 36.0 gm. 
per 100 gm. of protein were added in preparing this series. 

The thyroidal activity of the iodinated proteins of both series was 
estimated by injection into frog tadpoles, as described in greater detail 
elsewhere (6). Each preparation was tested on ten tadpoles, exactly 40 
y of iodoprotein from each preparation being injected into the animals of 
its respective test group. Therefore, the per cent decrease in body length 
provides an index of the relative potencies of the various members of the 
series. Three additional groups of tadpoles were injected with a synthetic 
monosodium salt of thyroxine on graded dosage levels, in order to provide 
a reference standard to compute roughly the actual thyroidal potency of 
the experimental preparations. In order to avoid the effect of varying 
environmental conditions on the tadpole responses, all the animals were 
injected on the same afternoon. 


Results 


Data on the iodination procedure, iodine analyses, and biological assay 
are given in Table I. The results obtained with the new incubation tem- 
perature of 70° run parallel in all respects to the previous observations (5) 
on preparations that were iodinated and incubated at 38°. 

Here again, approximately one-half of the iodine is combined with the 
protein until sufficient has been added to substitute 2 atoms per molecule of 
tyrosine. This agrees with the assumption that the principal reaction 
during this stage is the substitution of iodine on tyrosine according to the 
equation, tyrosine + 2I,— diiodotyrosine + 2HI. Furthermore, the 
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Millon reaction becomes negative at this point, giving further evidence 
that tyrosine is the principal constituent of the protein involved. After 
the tyrosine has been fully substituted, iodine is taken up much less readily, 
with the result that progressively smaller increments of iodine are taken 
up as more is added. 

The biological assay shows that the thyroidal activity starts out at a rela- 
tively low level in both series, gradually increases to the maximum when 
sufficient iodine has been added for substitution of 2 atoms per mole of 
tyrosine, and then decreases markedly with excessive iodination. 


Tasie I 
Effect of Progressive Iodination and High Temperature Incubation on Thyroidal Activity 
of Iodinated Proteins 


Iodine 


Prep- added nine Todine a... Tadpole! Ber. gat 
Series No. aration| per 100 | - j re- | oh < Pp 
No. gm. per mole | pineq | Per mole sponses yroxine 
protein tyrosine tyrosine | Tesponse 
| 
gm. atoms per cent) atoms ber cent| 


} 
1 7.5 1.89 4.11!) 1.08 | 16.2! 4.17 
2 12.5 3.16 5.93 | 1.59 27.2, 5.82 <1 
3 19.0 4.80 7.55) 2.06 | 34.9) 8.50 <5 
{ 
5 


I. Iodinated casein 


25.0 6.31 8.19! 2.95 | 21.6! 5.07 | <1 


} 32.5 8.21 8.60 | 2.38 11.8 | 3.42 1 
6 38.0 9.60 | 9.13 | 2.54 





4.6| 2.40 <5 

II. Iodinated soy ] 6.0 2.03 3.21 1.12 14.2 3.82 | 
bean protein 2 11.5 3.88 | 5.20 1.85 | 21.5 5.07 | <5 
3 17.5 6.35 6.15 | 2.22 | 22.9) 5.25 | >5 
{ 23.5 8.95 | 6.51! 2.35 7.41 Bae 1 Se 
5 30.0 | 10.14 | 7.40! 2.70 | 2.9| 2.35 | 1 
6 36.0 12.17 7.78 2.85 1.6 2.32 | >5 








* P = the per cent probability that the difference from the preceding member of 
the series is due to chance variation. 


The significance of the difference between the tadpole responses in suc- 
cessive members of both series was computed as described by Snedecor (8). 
The probabilities are given in the last column of Table I. In Series I there 
is less than a 5 per cent chance in all cases that the differences in thyroidal 
response to successive preparations in both the ascending and descending 
portions of the activity scale could be due to chance variations in the assay. 
In Series II, Preparations 2 and 3 were not found to be significantly differ- 
ent, probably because the degree of iodination was too low for maximal 
activity in Preparation 2 and too high in Preparation 3. However, both of 
these preparations showed significantly higher activity than the prepara- 
tions that were iodinated to either a greater or less extent. 

In both series there is far higher thyroidal activity at the optimal level of 
iodination and a much more pronounced decline in activity as iodine is added 
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in excess of this point than was observed earlier in products made up at the 
temperature of 38° throughout. 

As a quantitative standard for estimating the total thyroidal effect of the 
iodinated protein preparations, monosodium thyroxine was dissolved with 
the aid of a minimal amount of NaOH solution and injected into three 
groups of ten tadpoles at the levels of 1, 2, and 4 y respectively, per animal. 
The average responses in ascending order of dosage were 2.7, 24.0, and 35.4 
per cent. The response to a given preparation of iodinated protein was 
then computed as the percentage of the response to thyroxine, as described 
by Reineke and Turner (6). The results are included in Table I. In 
Series I the thyroidal activity increases with increasing iodination from 4.17 
to 8.5 per cent of that of thyroxine and then declines to 2.4 per cent. A 
similar trend is shown by the iodinated soy bean protein of Series II, al- 
though at a somewhat lower level of potency. The bulk of the evidence 
accumulated to date indicates that the formation of thyroxine from non- 
descript proteins depends upon the iodination of tyrosine, followed by its 
conversion into thyroxine. Inasmuch as the tyrosine content of the casein 
used in Series I was 5.65 per cent as compared to 4.22 per cent tyrosine in 
the soy bean protein, it would be expected that the casein preparations 
would have higher activity at a given level of iodination. 


DISCUSSLON 


The present report fully confirms our previous finding that the formation 
of iodinated proteins with maximal thyroidal activity is dependent upon 
limitation of the iodine input to an amount sufficient only for substitution 
of 2 atoms per molecule of tyrosine. This is true when the process is carried 
out entirely at 38° as well as when the iodination mixture is incubated at 70°. 

The preparations treated with optimal iodine concentrations and incu- 
bated at high temperature have uniformly shown surprisingly high thyroidal 
activity when assayed by injection into tadpoles. Preparation 3, Series I, 
was found to have an apparent activity of 8.5 per cent that of thyroxine. 
In other experiments (6) we have repeatedly observed responses of the same 
order with products prepared under similar conditions. In fact a number 
of preparations made up in the presence of metals that apparently catalyze 
the reaction (6) have exerted thyroidal effects equivalent to about 11 per cent 
of the response to thyroxine. That these responses are not due to a special 
reaction of tadpoles is shown by the fact that similar responses have been 
obtained in our assays of selected preparations in guinea pigs by both oral 
and parenteral administration. When compared with thyroxine given by 
the same routes, iodinated proteins have shown 2.7 times as much activity 


when injected as when given orally. 
It now becomes of interest to inquire into the nature of the substance 
exerting such a pronounced thyroidal effect in these preparations. Thyrox- 
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ine can be isolated from them readily, along the lines described by Ludwig 
and von Mutzenbecher, although it is doubtful that the amount of this 
substance present will account for the thyroidal effects obtained. In 
unpublished experiments we have been able to isolate as much as 424 mg. 
of crystalline thyroxine of good purity from 100 gm. of iodinated casein. 
In spite of the sizable losses involved in the isolation of thyroxine, much 
higher vields should be obtained if all the activity shown by the biological 
assays were due to this substance. In view of the higher activity of these 
iodinated proteins when injected than when given orally, it appears likely 
that the thyroxine formed as a result of iodination remains combined within 
the protein molecule in an active state. If this state of combination were 
to contribute to its activity, as suggested for thyroid hormone by Harington 
(9), it would be possible to obtain iodoproteins with higher thyroidal activ- 
ity than would be accounted for by the highest possible amounts of thyrox- 
ine that could be isolated from them. 


SUMMARY 

Two separate series of preparations, one with casein, and the other with 
soy bean protein as substrate, were iodinated progressively, followed by 
incubation at 70° for 18 to 20 hours. All preparations were assayed by 
injection into frog tadpoles. In confirmation of previous work, carried out 
at a lower temperature, the thyroidal activity of both series increased with 
increasing iodination until sufficient iodine had been added to substitute 2 
atoms per molecule of tyrosine in the protein. Iodination beyond this point 
resulted in pronounced decreases in thyroidal activity. Casein that was io- 
dinated to the optimal level, followed by incubation at high temperature, pro- 
duced an assay response of 8.5 per cent of that of thyroxine. Soy bean pro- 
tein treated similarly showed a maximum of 5.25 per cent of the activity of 
thyroxine. The high thyroidal activity of these preparations is discussed 
in relation to the vields of thyroxine to be obtained from them and the 


methods of assay used. 
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THE EXTRARENAL REGULATION OF MUSCLE AND SERUM 
POTASSIUM FOLLOWING EXTRACELLULAR 
FLUID AND SODIUM DEPLETION* 


By HERBERT C. MILLER 


(From the Department of Pediatrics, Yale University School of Medicine, New Haven) 
(Received for publication, October 15, 1942) 


During an investigation of shifts of water from the extracellular to the 
intracellular space in sodium-depleted rats it was observed that the con- 
centration of potassium in the serum and skeletal muscle was increased 
within 4 or 5 hours of the onset of the depletion. Yannet and Darrow 
found similar increases in the potassium of the serum and muscle 24 to 48 
hours after severe depletion of sodium (1). They attributed their findings 
to an impaired excretion of potassium by the kidneys, since oliguria was 
marked. In the present study the shorter duration of the experiments 
and the occasional presence of a considerable diuresis made it possible to 
exclude the renal factor in the interpretation of the results and made it 
necessary to seek some other explanation for the rise in serum and muscle 
potassium. Subsequent experiments revealed that the types of injury 
employed in this study altered the metabolism of the muscle cell in such a 
way as to produce an increase in muscle potassium concentration. The 
types of injury used in the present study were mild and primarily involved 
either a partial depletion or an immobilization of a portion of the animal’s 
extracellular electrolyte. In their severe forms the same injuries are associ- 
ated with hemoconcentration and a reduction of blood volume and pres- 
sure. In addition to establishing a new concept of potassium regulation 
the present experiments offer a satisfactory explanation for the rise in serum 
potassium observed clinically following burns and other shock-producing 
injuries. 

Methods 


Male albino rats weighing from 250 to 350 gm. were used throughout 
the experiments. They were maintained on Purina dog chow and tap 
water. Rats were removed from their cages and injected intraperitoneally 
with a 5 per cent solution of glucose or gum acacia! in an amount equal to 
5 ee. per 100 gm. of body weight. 4 to 5 hours after the injection the rats 
were sacrificed. In all instances in which glycogen determinations were 


* Aided by a grant from the Fluid Research Fund of Yale University School of 
Medicine. 
' The acacia was found by analysis to be free of sodium. 
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made an intraperitoneal injection of nembutal in amounts up to 50 mg. per 
kilo of body weight was used to anesthetize the animals. Otherwise the 
rats were sacrificed under ether anesthesia. Rats were also removed from 
their cages and scalded while under ether anesthesia by placing them in 
a water bath at 90° from 4 to 6 seconds, usually 5 seconds, so that the skin 
over the back and flanks was included in the scalded area, but not the head, 
extremities, or abdomen. The scalded animals were sacrificed from 1 to 
16 hours later, usually 4 to 5 hours. A moderate second degree burn was 
produced in all animals. Because of the possible importance of a decrease 
in muscle glycogen in relation to the increase in muscle potassium a group 
of rats was removed from the cages and injected subcutaneously with 
0.05 mg. of adrenalin chloride solution (Parke, Davis) and sacrificed 3 to 
4 hours later (2). Rats were also fasted 24 hours and then scalded or 
injected with 0.05 mg. of adrenalin chloride solution. One group of rats 
fasted for 24 hours served as controls. All fasted rats were sacrificed, 
intraperitoneal nembutal being used for anesthesia. 

Glycogen determinations were made on the gastrocnemius muscle and 
a slice of the liver according to the method of Good, Kramer, and Somogyi 
(3). After muscle and liver had been removed for glycogen studies, blood 
was withdrawn under oil in a syringe from the abdominal aorta and the 
serum was separated from the cells soon after the blood clotted. The se- 
rum was analyzed for water, sodium, chloride, and potassium. Muscle was 
cut from the hind legs for the determination of water, fat, nitrogen, sodium, 
chloride, potassium, and phosphorus. Occasionally the liver was also 
analyzed for electrolytes. Urine collections were made on some of the rats 
injected with glucose and acacia solutions and the urine was analyzed for 
chloride, sodium, potassium, and nitrogen. None of the sealded rats 
voided. The peritoneal fluid removed from rats receiving glucose and 
acacia was also analyzed for electrolyte in some instances. The methods 
used for electrolyte determinations were the same as those previously used 


in this laboratory (4). 
Results 


The results of the experiments on the fed rats are summarized in Table 
I. In the fed rats in Groups II to V the concentrations of muscle potas- 
sium and phosphorus are significantly increased over those of the control 
group. The muscle nitrogen also is significantly increased in the glucose- 


and acacia-injected animals and is elevated in the scalded rats but not toa 
statistically significant extent. There is definite evidence of sodium de- 
pletion in the glucose-injected rats of Group II, since the concentrations 
of sodium and chloride in the serum are significantly lower than normal. 
The loss of sodium in the acacia-injected rats is not demonstrated by the 
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analysis of electrolyte in the serum. From sodium and chloride determina- 
tions of the fluid removed from the peritoneum of the acacia-injected rats 
it was estimated that about 18 per cent of the total available extracellular 
electrolyte had been removed. In the glucose-injected rats it was caleu- 
lated that about 23 per cent of the extracellular fluid had been removed as 
a result of the intraperitoneal injection. The failure to lower the concen- 
tration of sodium in the serum of the acacia-injected rats probably is the 
result of the removal of a smaller amount of extracellular electrolyte by way 
of the peritoneal fluid and the greater output of urine by these rats. The 
increase in muscle water in the rats receiving intraperitoneal glucose is 
largely the result of a shift of water into the intracellular space. Evidence 
of sodium loss is not present in the data on the scalded rats. However, 
examination of the scalded area of the skin showed that appreciable a- 
mounts of fluid had been immobilized in the involved area. Congestion 
and induration of the subcutaneous tissue in the scalded zone were readily 
apparent. The changes in water and extracellular electrolyte in the 
epinephrine-injected rats are interesting. The extracellular water of the 
muscle is increased, as denoted by a significant rise in muscle sodium and 
water and a tendency for the muscle chloride to be inereased. The con- 
centration of sodium in the serum is decreased. The explanation of the 
decrease in serum sodium and the apparent increase in extracellular muscle 
water is not possible from the data at hand. 

The concentration of potassium in the serum is increased significantly 
in the fed rats in Groups II to IV in Table I. Potassium determinations 
in the serum of the epinephrine-injected rats in Group V were made in only 
two of the six animals. Both results were 6.0 milliequivalents per liter 
of serum, levels that are comparable to those found in the other experi- 
mental groups of fed rats in Table I. 

The striking increase in potassium, phosphorus, and nitrogen in the 
muscle of the first few experimental rats suggested the possibility that 
some solid substance was leaving the muscle cell or being oxidized. Loss 
of organic solids from the cell could cause an increase of potassium, phos- 
phorus, and nitrogen, provided that these elements were not carried out 
of the cell immediately. Changes in muscle glycogen were sought for, as 
this solid was known to be considerably reduced in adrenal insufficiency, 
which is also characterized by increased concentrations of serum and muscle 


potassium (6). No reduction in the glycogen content of the muscle was 


found in the fed rats of Table I except in those injected with epinephrine. 
Even in the latter rats the decrease in glycogen could account for only 
about one-fifth of the rise in potassium and phosphorus in the muscle. 
The experiments with scalding and the injection of epinephrine were 
repeated on fasted animals in order to study the electrolyte changes in the 
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muscle when the glycogen content of the muscle was more uniform from 
animal to animal. The data on the fasted rats in Table I amply confirm 
the observations on the fed rats in every respect. The potassium and 
phosphorus are increased in the muscle of the scalded rats and of those 
receiving epinephrine and the muscle glycogen is decreased in the latter. 
The similarity in the glycogen content of the muscle of the fed and fasted 
control rats probably is related to the fact that the fed rats were not sacri- 
ficed until mid-afternoon, some 10 or 12 hours after the usual time of eating. 
The decrease in the sodium concentration of the serum of the epinephrine- 
injected rats that had been fasted in the presence of an apparent increase 
in extracellular water of the muscle is similar to the results on the corre- 
sponding group of rats that had been fed (Table I). 


MUSCLE FED SERUM 


CONTROL me] Faw ar) a Fra 
as . 





SCALDED 
ACACIA ese, | GSS oo 
GLUCOSE asp Ba ek i, 
EPINEPH, co BH FQ 
FASTED 
CONTROL axes axeaza 
SCALED ca eS [ee oes Se ome BT oes 
EPINEPH, eS === 
“WS “Wb "w7'WB'49' 50'S) 52°53 Se’ -a°3'e'S'b'7°8' 910 
uM k/100GM. FAT-FREE SOLIDS nMk/LITER 


Fic. 1. Serum and muscle K in fed and fasted rats 


An interesting incidental observation was the significant decrease in 
muscle potassium and inerease in muscle phosphorus in the fasted control 
rats when compared to the fed control rats in Table I. 

The statistical significance of the increase in muscle and serum potassium 
in the experimental animals in Table I is apparent. The statistical anal- 
ysis, however, does not bring out clearly the fact that these increases are 
not consistently obtained from animal to animal. The levels of muscle 
and serum potassium of the individual rats in Table I have been shown 
graphically in Fig. 1 to illustrate that in almost one-third of the experi- 
ments concentrations of muscle and serum potassium were obtained which 
fall within the normal range. In a small series of experiments the change 
in serum and muscle potassium might be missed. 
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The significant increase in potassium per 100 gm. of fat-free solids shown 
in Table I suggested that potassium might be entering the muscle from 
other sources, possibly the liver or from the gastrointestinal contents, 
Such a course of events would not explain the increases in phosphorus and 
nitrogen in the muscle, unless phosphorus and nitrogen also were found to 
be entering the muscle cells. Although the suggestion of potassium shift 
from other tissues appeared unlikely, the livers and gastrointestinal tracts 
with their contents were analyzed in some of the glucose- and acacia-in- 
jected rats to test this possibility. The results are given in Table II. It 
is seen that the livers of the sodium-depleted rats are practically the same 
in all respects as the livers of the control animals. The slight disparity 
between the amount of potassium in the small intestinal tract of the nor- 


TaBLe II 


Electrolytes in Livers and Gastrointestinal Tract Plus Contents of Fed Normal and 
Sodium-Depleted Rats 


Concentrations in the liver represent the mean result plus or minus the standard error, 


Small Large 
, Livers per 100 gm. fat-free solids . | boweland | bowel and 
No of No. of | contents contents 
rats rats 
Na Cl ee ae N | HO Total potassium 
mu mv mv | mM gm. cc mv mu 
Normal* 10 10.4 11.0 35.9 40.5) 12.7, 290 3 1.23 0.53 
+1.3) +0.742.3 | 42.7) 40.6) +7.5 
Sodium-de- 9 9.1) 10.6 35.6 | 41.2) 13.3} 292 3 0.97 0.52 
pleted +0.5 +0.440.86 +1.2 +0.3) +8.3 


* Taken from a previous study (7). 


mal and the sodium-depleted rats is not great enough by two-thirds to 
account for the rise in muscle potassium of the latter animals. 

The brief span of 3 to 5 hours during which most of the experiments were 
conducted did not seem to permit sufficient time to produce potassium 
retention as a result of an impaired renal excretion of this cation. To 
confirm this impression urine was collected from two rats receiving glucose 
and four rats injected with acacia. The amount of urine and its content 
of sodium, chloride, and potassium were determined for each of the six 
rats over the whole of the experimental period, which lasted about 43 hours 
in each animal. The acacia-injected rats voided up to 10 ce. of urine and 
excreted potassium in dilute concentrations In amounts up to 0.1 mM. 
The glucose-injected rats voided smaller amounts of urine but greater 
quantities of potassium and in concentrations as high as 75 mo per liter. 
The concentrations of potassium in the muscle did not fall below 50 mm 
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per 100 gm. of fat-free solids in any rat despite the considerable output of 
urine and potassium. Serum potassium concentrations varied from 5.5 
to 7.0 mM per liter of serum. 


DISCUSSION 


Two concepts concerning the regulation of potassium in the serum and 
muscle can be formulated from the experimental evidence now available. 
Neither concept excludes the other. The first concept is based on previous 
investigations. These have amply demonstrated that the concentration 
of potassium within the muscle cell reflects changes in the concentration 
of potassium in the extracellular fluid, the organic composition of the 
muscle remaining approximately constant. Alterations in the potassium 
levels of the extracellular fluid are usually mediated in turn through 
changes in renal excretion of this cation. When the concentration of po- 
tassium in the serum is increased as the result of total nephrectomy, ure- 
teral ligation, adrenal insufficiency, or by means of injection of potassium 
salts, the concentration of potassium in the muscle cell is increased (5, 6, 
8). Conversely, decreasing the concentration of potassium in the serum 
by injecting desoxycorticosterone acetate or by feeding low potassium diets 
produces a fall in the concentration of potassium in the muscle cell (9-11). 
These changes are likewise mediated through the kidney (12). 

The concept of potassium regulation in serum and muscle by means of 
the kidney cannot be used to explain the increases in muscle potassium 
observed in the present study. The short duration of the experimental 
period, the large output of urine noted in some animals, and the failure to 
find extramuscular sources of potassium in the present study make it 
necessary to establish a new concept of potassium regulation. The exper- 
iments reported here clearly indicate that a change in some fat-free solid 
has occurred. Since the concentrations in the muscle in the present study 
are expressed per unit of fat-free solids, a change in some fat-free solid 
would be reflected in the apparent concentrations of the other substances. 
The increases in potassium, phosphorus, and nitrogen of the muscle in the 
sodium-depleted and scalded rats that had been fed (Table I) amount to 
4 and 5 per cent per unit of solids. Hence, the loss of some solid equal to 
about 4 or 5 per cent could explain the changes demonstrated in the muscle. 
If calculated on a wet tissue basis, the loss of substance amounts to about 
0.7 gm. per cent. The nature of the organic substance that is lost is not 
demonstrated in the data. Glycogen, which is present in the muscle to 
the extent of about 0.5 gm. per cent, is ruled out by the experiments. 
Products of lipid metabolism which are soluble in petroleum ether are also 
eliminated. The possibility that there is some nitrogenous substance or 
some carbohydrate other than glycogen remains unexplored. The failure 
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to find that the nitrogen consistently increased in the several experimental 
groups of animals in Table I may seem to be a serious exception to the 
concept that some single organic substance is being lost from the musele, 
The tendency of the nitrogen to be increased in the fed, scalded rats of 
Table I might have been significant had a more severe type of burn been 
used. The change of fed animals from a primarily carbohydrate metab- 
olism to a protein and fat metabolism when fasted might explain the lack 
of increase in the nitrogen of the scalded, fasted rats in Table I. So far as 
the epinephrine-injected rats are concerned, Cori and Cori have shown that 
carbohydrate metabolism is not accelerated following the injection of 
epinephrine (2) and Reid has shown that an increase in sulfur excretion 
occurs over 5 and 6 hour periods following the injection of epinephrine in 
fasted cats and dogs (13). 

The rise in serum potassium following burns, intestinal obstruction, and 
other shock-producing injuries has been noted by many investigators. The 
work has been reviewed by Scudder (14) and Fenn (15) recently. The 
latter ascribed the phenomenon to the withdrawal of potassium from body 
cells. The present experiments give some insight into the nature of this 
cellular loss. The increase in muscle potassium following sodium deple- 
tion and secalds may be reduced to normal concentrations by a resynthesis 
of whatever organic compound is lost from the cell or by a movement of 
potassium out of the muscle cell. The fact that muscle potassium remains 
elevated for several hours suggests a delay in the resynthesis of the organic 
matter and offers ample opportunity for potassium to escape from the cell 
to the extracellular fluid. It is surprising that potassium readjustment by 
this means is not made more rapidly, but it is fortunate for the organism 
that such is not the case. The return of muscle potassium from 51 mM 
per 100 gm. of fat-free solids to a normal level of 49 mm would release 
enough potassium in a 300 gm. rat to raise the serum level to 15 mm if it 
were confined to the extracellular fluid or to 7.5 mm if distributed through- 
out the whole body water. Inasmuch as the increase in muscle potassium 
has been demonstrated to occur without any apparent increase in intra- 
cellular water, there should be a steep osmotic gradient from cellular to 
extracellular fluid. The highest serum potassium concentration in any of 
the experimental rats in this study was 10 mm per liter in a scalded rat. 
This is just about the level at which toxic effects on the heart may be ex- 
pected (16). The conclusion that potassium may be released from muscle 
as the result of a remote injury and thus secondarily affect cells in other 


organs of the body is given some support by these studies. 

The nature of the stimulus required to set off the course of events that 
will lead to a loss of organic substance from the muscle cell and a relative 
increase in potassium, phosphorus, and sometimes nitrogen in the musele 
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has not been clearly defined by the present investigation. While some de- 
gree of depletion or immobilization of extracellular fluid or decrease in 
serum sodium concentration was present in each experiment, it is not cer- 
tain that this is the sole type of injury that will produce the results obtained 
here. Other types of injury have not been tried. 


SUMMARY 


Potassium, phosphorus, and sometimes nitrogen are relatively increased 
in the muscle cell following the partial depletion or immobilization of 
extracellular electrolyte. These changes occur in the rat within a few 
hours of the injury and are dependent on a loss of some as yet unidentified 
organic substance from the muscle cell and are independent of any action 
of the kidneys. The alterations in muscle electrolyte are accompanied 
by an increase in concentration of potassium in the serum. 

This study suggests that the rise in serum potassium observed clinically 
in burns and other shock-producing injuries may be related to the loss of 
organic substance from the muscle cell which accompanies depletion or 
immobilization of extracellular fluid. 


Addendum—Since the completion of this study Clarke and Cleghorn (17) have 
reported increases in the concentrations of serum potassium and muscle potas- 
sium and phosphorus within 2 to 6 hours following bodily injury in rats and muscle 
trauma in dogs. Their results are analogous to those presented here. 
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PARTIAL OXIDATION OF CHOLIC ACID* 


By T. F. GALLAGHER anv WILLIAM P. LONG 
(From the Department of Biochemistry of the University of Chicago, Chicago) 


(Received for publication, November 2, 1942) 


The behavior of polyhydroxy steroids toward oxidizing agents has been 
studied extensively in the bile acids. Wieland and Dane (1) originally 
suggested that the order in which the hydroxyl groups of cholic acid are 
dehydrogenated is 7-3—12 (older literature, 12-3-7). This was based upon 
their claim that oxidation of desoxycholic acid yielded 3-keto-12-hydroxy- 
cholanic acid, while 7 ,12-dihydroxycholanie acid (probably a mixture of 
isomers) was oxidized by CrO; to 7-keto-12-hydroxycholanic acid. The 
same investigators (2) proved that the 6-hydroxyl of hyodesoxycholic acid 
was more readily attacked by CrQO3, since low temperature oxidation gave 
the 6-keto-3-hydroxy compound. Iwasaki (3) prepared 3-hydroxy-7- 
ketocholanie acid from both chenodesoxycholie acid and ursodesoxycholic 
acid by chromic acid oxidation at low temperature in agreement with the 
Wieland and Dane suggestion. 

In 1937 Kaziro and Shimada (4) proved that the hydroxyl groups of the 
bile acids were not oxidized in the order 7-312, since partial oxidation of 
desoxycholic acid by CrO; yielded 3-hydroxy-12-ketocholanic acid rather 
than the expected 3-keto-12-hydroxy acid. When these authors investi- 
gated the partial oxidation of cholic acid, they obtained in 65 per cent 
yield 3-hydroxy-7 ,12-diketocholanic acid (‘‘reductodehydrocholic acid’’). 
Under a variety of conditions they were unable to obtain any monoketo 
acid; when 3-keto-7,12-dihydroxycholanic acid was oxidized, the sole 
product obtained was dehydrocholic acid. They confirmed the consider- 
able difference in the oxidation of the 3-OH compared with those at C, 
and Cy» and concluded that these latter were almost identical in the ease 
with which they were oxidized by chromic acid. 

It seemed to us that there must be a significant difference in the ease of 
oxidation of the C; and Cy hydroxyl groups of cholic acid and that the 
results of Kaziro and Shimada were to be explained by their failure to 
isolate the 7-ketocholic acid. This view is probable, since the reducto- 
dehydrocholie acid which they obtained exhibits an unsatisfactory melting 


* These investigations were financed by a grant from Armour and Company. The 
authors wish to express their appreciation for this aid. 

The work described in this paper was reported at the autumn meeting, 1941, of the 
National Academy of Sciences, held at Madison, Wisconsin. An abstract appeared 
in Nature (148, 697 (1941)). 

131 








132 PARTIAL OXIDATION OF CHOLIC ACID 


point behavior, so that an impurity might not casily be recognized. We 
therefore studied the low temperature oxidation of cholic acid and the 
methyl] ester; we separated the reaction products by conversion to the ace- 
tates of the methyl esters and found that these could be readily purified by 
chromatographic adsorption on aluminum oxide. We obtained the 
hitherto undescribed 7-keto-3 ,12-dihydroxycholanic acid in 40 per cent 
yield. These experiments then demonstrate that in cholic acid the hy- 
droxyl group at C; is most readily attacked by CrO; and at the same time 
offer a method by which desoxycholie acid may be prepared from the much 
more abundant cholic acid. Haslewood (5) has independently reported a 
similar conclusion. 


EXPERIMENTAL 


Oxidation of Methyl Cholate—40 gm. of methyl cholate (m.p. 145-147°) 
were dissolved in 300 cc. of stable glacial acetic acid and 50 cc. of water. 
The solution was cooled to —7° and 81.5 ec. of 3.5 N CrOs in 25 per cent 
acetic acid (3 equivalents) were added dropwise over 4 hours, so that the 
temperature never rose over 0°. The reaction mixture was stored over- 
night at 0°, sodium bisulfite was added in excess, and the mixture evapo- 
rated on the steam bath under reduced pressure. The residue was dis- 
solved in ethyl acetate, washed with water, dilute acid, sodium bicarbonate 
solution, and again with water. After drying over anhydrous sodium 
sulfate the solution was evaporated and the residue weighed 38.7 gm. 

Separation of Oxidation Mixture—The oily residue was acetylated by 
heating with acetic anhydride in pyridine for 22 hours. The acetates 
were dissolved in 3.5 liters of 90-100° petroleum ether and poured over a 
column of 350 gm. of aluminum oxide (Alorco brand, C-30 grade) which 
had been activated by heating for 30 minutes at about 450°. The perco- 
lating fluid was collected in liter portions and the washing continued with 
90-100° petroleum ether until no significant amount of solid was eluted. 
This required 12 liters and 20 gm. of solid were eluted. This material was 
crystallized by rubbing with a small amount of 90—100° petroleum ether. 
After three crystallizations from the same solvent, the product was ob- 
tained as long prisms melting at 114-117° corrected, [a], = +64° (absolute 
ethanol), and proved to be 3,12-diacetoxy-7-ketocholanic methyl] ester.’ 


CysHyO;7. Caleulated, C 69.00, H 8.79; found, C 69.08, H 8.69 


The oxime was prepared by boiling a solution of 490 mg. in ethanol with 
600 mg. of sodium acetate and 500 mg. of hydroxylamine hydrochloride 


1 All analyses were made by Dr. T. 8S. Ma of the Department of Chemistry, Univer- 
sity of Chicago. 
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for 3 hours. The product crystallized from methanol in long needles, 
m.p. 155.5-157° corrected. 


Cy9sHysO7N. Calculated. C 67.01, H 8.51, N 2.70 
Found. ** 66.99, “* 8.73, “* 3.00 


The 3-acetoxy-7 , 12-diketocholanic methyl ester was removed from the 
column by elution with 90-100° petroleum ether containing 2 per cent 
ethyl acetate. The methyl ester of dehydrocholice acid could finally be 
removed with ethyl acetate alone. In general about 40 per cent of the 
monoketo, 40 per cent of the diketo, and 20 per cent of the triketo com- 
pounds were obtained. 

?-Keto-3 ,12-dihydroxycholanic Acid—10.2 gm. of 7-keto-3 , 12-diacetoxy- 
methyl cholanate (m.p. 112-114°) were dissolved in 50 cc. of 95 per cent 
ethanol, 75 ec. of 1.7 N aqueous NaOH added, and the mixture heated 
under a reflux for 4 hours. After neutralization to phenolphthalein, 66.8 
ec. of N base were neutralized; calculated for 3 equivalents 66.5 cc. of N 
base. Most of the aleohol was distilled and the aqueous solution added 
dropwise with stirring to dilute H,SO, at 50°. The acid crystallized on 
cooling and was recrystallized from ethyl acetate as well formed prisms, 
m.p. 197-199° (corrected), with a negligible rotation in absolute ethanol. 


C.,H3s0;. Calculated, C 70.88, H 9.43; found, C 70.54, H 9.36 


The methyl ester prepared with diazomethane crystallized from ethyl 
acetate-petroleum ether in small needles, m.p. 152-154°. 


C2;sHgoOs. Calculated, C 71.37, H 9.59; found, C 71.35, H 9.75 


Preparation of Desoxycholic Acid—The semicarbazone of the 7-keto-3 , 12- 
diacetoxymethyl cholanate was prepared by heating 1.0 gm. of ester with 
1.27 gm. of semicarbazide acetate in a mixture of 40 ec. of absolute metha- 
nol, 20 cc. of pyridine, and 5 ec. of water under a reflux for 6 hours. The 
product was well washed with boiling water and crystallized from ethanol. 
Needles, m.p. 175-177° (corrected). 


CyoHyzO7N 3. Calculated, N 7.48; found, N 7.78 


140 mg. of the semicarbazone were heated with 6 ec. of absolute alcohol 
containing 350 mg. of sodium and 0.6 ec. of hydrazine hydrate in a sealed 
tube at 200° for 8 hours. The reaction mixture was acidified and a white 
semicrystalline product separated; weight 280 mg. The material crystal- 
lized well in clumps of narrow prisms from dilute acetic acid; weight 216 
mg., m.p. 139-143° (corrected). The melting point of a mixture with 
desoxycholic-acetocholeic acid was 139-142°. The diformyl derivative 
was prepared by warming at 55° for 5 hours with 88.5 per cent formic acid 
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and crystallized from dilute ethanol, m.p. 192.5-194°. Cortese and 
Bauman (6) record a melting point of 193-—194°. 


SUMMARY 
1. The hydroxy! groups of cholie acid are oxidized by CrOs in acetic acid 
in the order, 7—12-3. 
2. A method for the separation of 7-keto-3 ,12-dihydroxycholaniec acid 
from the oxidation mixture is described. 
3. This compound can be reduced to desoxycholic acid in good over-all 


yield from cholic acid. 
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THE ENZYMATIC NATURE OF ANGIOTONIN FORMATION 
FROM RENIN AND RENIN ACTIVATOR 


By ALBERT A. PLENTL ano IRVINE H. PAGE 


(From the Lilly Laboratory for Clinical Research, Indianapolis City Hospital, 
Indianapolis) 


(Received for publication, September 25, 1942) 


Renal hypertension is believed to be caused by an alteration in a vaso- 
pressor system having its origin in the kidneys (1). Renin, liberated from 
the kidneys, reacts with a globulin fraction from the blood (renin activator) 
to produce a pressor substance, angiotonin (2, 3). Renin itself is not 
vasopressor nor do any of the blood globulins exhibit pressor activity. 
Angiotonin is physiologically highly active but can be inactivated by angio- 
tonase, an enzyme present in the kidneys and other tissue (4). The forma- 
tion and destruction of angiotonin are possibly balanced in normal animals 
and, when the balance is disturbed, hypo- or hypertension may occur. 
Although the reactions are intimately connected, they can be studied 
separately. 

It has been suggested that the reaction is enzymatic (5, 6), renin acting 
as the enzyme and renin activator as the substrate, but rigorous proof is 
lacking. This investigation is concerned with the kinetics of angiotonin 
formation in an attempt to show that its rate is first order, a necessary 
demonstration before its enzymatic nature can be taken as anything more 
than a suggestion. 

EXPERIMENTAL 

The renin used in the experiments described below was prepared ac- 
cording to Helmer and Page (7). The angiotonase was removed from the 
product by adjusting the renin solution to pH 2.0 and precipitating with 
30 gm. of sodium chloride per 100 ec. of solution. The precipitate was 
collected on a filter, dissolved in sufficient water to make approximately a 
2 per cent solution, and dialyzed against running tap water. For final 
dialysis, cold toluene-saturated, distilled water was used. The solution 
was almost colorless and was found to retain its enzymatic activity for at 
least 2 weeks when kept in the ice box. When incubated with a known 
amount of angiotonin at 37° for 30 minutes, no reduction of pressor activity 
occurred. It was therefore free of angiotonase. 

The renin activator was prepared from hog serum by fractional precipita- 
tion with ammonium sulfate at pH 6.5, the fraction between 1.22 and 2.10 
uM being collected. With the aid of the rotating cellophane bag technique 
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TaBLe I 
Angiotonin Responses Elicited by Incubation of Same Amount of Activator (5 Ce., 2 Per 
Cent Protein) with Various Amounts of Renin 
The results are expressed in terms of an arbitrary unit defined as 
Mm. blood pressure rise of 1 cc. test sample 


Mm. blood pressure rise of 0.1 cc. standard angiotonin 


Renin A Experiment | Renin B Experiment II 
ce. angiotonin until cc angtioionin until 
0.001 0.10 0.001* 0.14 
0.002 0.14 0.01 0.29 
0.003 0.26 0.05 0.48 
0.007 0.40 0.5 0.63 
0.5 0.50 2.0 0.64 
1.0 0.52 2.07 0.59 


* Incubated at 25° for 10 minutes. 
+ Incubated at 25° for 5 hours. 
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Fic. 1. Angiotonin pressor responses as a function of incubation time. Curve 1 
was obtained by incubation at 37°, and Curves 2 and 3 were prepared by incubation 
at 25°. The concentration of renin in experiments leading to Curve 3 was twice as 
great as the ones for Curve 2. A, represents maximum angiotonin responses char- 
acteristic of the particular activator employed. These infinity values were obtained 
by incubation with excess renin. The dotted line represents the response on addi- 


tion of a second portion of renin. 
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(8) at room temperature all pigments were climinated in the last filtrate 
at 2.10 Mammonium sulfate. The euglobulin was eliminated by prolonged 
dialysis against running tap water and finally against distilled water. The 
final product was a clear solution with slight blue fluorescence. Electro- 
phoretic analysis of a 1 per cent solution in phosphate buffer at pH 7.62 
indicated 18 per cent albumin, 56 per cent a-globulin, 6 per cent 8-globulin, 
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Fic. 2. Logarithm of substrate concentration plotted against time. Curves 1, 2, 


and 3 correspond to Curves 1, 2, and 3 of Fig. 1. 


and 23 per cent y-globulin. We are greatly indebted to Dr. Wm. W. Davis 
of the Lilly Research Laboratories for this analysis. 

Incubation—Renin activator (5 ec.) was incubated at 37° for 10 minutes 
with various amounts of renin solution. The mixture was then brought to 
pH 5.5 by addition of a few drops of 1 per cent hydrochloric acid and im- 
mediately placed in a boiling water bath. The pH of optimum coagulation 
was found to be between 5.3 and 5.8. After being boiled for 10 minutes 
the solutions were centrifuged or filtered through coarse paper. 

Biological Testing—1.0 ec. of the filtrate was injected into the femoral 
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vein of a pithed cat.'. The resulting rise in blood pressure was compared 
to the rise obtained from 0.1 ec. of a standard angiotonin preparation 
equivalent to 3.3 y of epinephrine. Since the responses of the standard 
angiotonin were found to be constant for two or three successive injections 
only, testing of the incubation mixture was always followed by injection 
of 0.1 ce. of standard angiotonin. Angiotonin units are given as the ratio 


Mm. blood pressure rise of test sample 


Mm. blood pressure rise with 0.1 ec. angiotonin 


When the angiotonin pressor responses are plotted against cc. of renin, the 
resulting curve is characteristic of a first order reaction. The results ob- 
tained with two different renin samples are given in Table I. 

Next, the relation of the incubation time to angiotonin formation was 
investigated. 5 cc. of renin activator were incubated with an amount of 
renin calculated to give about one-fifth the maximum angiotonin response 
after 10 minutes incubation. The technique employed in the incubation, 
denaturation, and method of testing of the resulting angiotonin solution was 
the same as described above.2) The maximum amount of angiotonin which 
this particular activator preparation was capable of vielding was deter- 
mined by incubation of the same amount of renin activator with a large 
excess of renin (A, in Figs. | and 2). Theoretically this value should be 
determined by incubation for a prolonged period. With extremely small 
amounts of renin (Table I; Fig. 2, Curve 1) 5 to 10 hours incubation would 
be necessary before the maximum amount of angiotonin could be obtained. 
Although the activator employed in these experiments was almost free of 
inhibitor, 5 or 10 hours incubation at 37° was found to destroy 10 to 15 
per cent of the angiotonin. This may be due to a small amount of in- 
hibitor, instability of the product (angiotonin), or, most probably, to 
bacterial action. 

Curve 2, Fig. 1, represents angiotonin response as a function of incuba- 
tion time. At the point indicated a further quantity of renin was added, 
which increased markedly the amount of angiotonin formed per unit of 
time. The maximum amount of angiotonin was formed within 25 minutes 
after the addition of the second portion of renin. 


DISCUSSION 
Page and Helmer (3) suggested that renin is an enzyme, because it is a 
heat-labile protein, its reaction with activator is slow and affected by 
temperature, and only small amounts are required relative to activator. 
! We wish to thank Dr. K. G. Kohlstaedt and Mr. C. Wilson for the animal assay. 


2 Curve 1 (Figs. 1 and 2) was obtained by incubation at 37°, while Curves 2 and 3 are 
£ 3 
the result of incubations at 25°. 
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In addition to these arguments, Mufioz, Braun-Menendez, Fasciolo, and 
Leloir (9) pointed out that for a given amount of activator the maximum 
yield of angiotonin cannot be surpassed when a 10 or 20 times excess of 
renin is used. These authors explained that, “if the reaction were stoichio- 
metric, the maximum amount of hypertensin [angiotonin] formed ought 
to be proportional to the amount of renin.” 

Since neither of the two reactants (renin and renin activator) was avail- 
able in pure form, it seems questionable whether the reasons given in 
the literature can be accepted as sufficient proof for the enzymatic nature 
of the reaction. Mufioz, Braun-Menendez, Fasciolo, and Leloir used 
serum as renin activator, while Page and Helmer employed a globulin 
fraction precipitated between 0.33 and 0.55 saturated ammonium sulfate. 
Recent studies of serum globulins indicate that they consist of a number 
of chemically distinct proteins, any one of which may be identical with the 
renin activator. Consequently even if the total amount of protein in the 
renin activator solutions were known, no conclusions can be drawn con- 
cerning the concentration of the ‘“‘substrate.”’ Similar arguments apply 
to the quality and quantity of renin. Since no analytical method for the 
determination of renin was available, the quantity of renin used by these 
investigators was expressed in relative units; 7.e., ec. of renin solution or 
an arbitrary unit defined in terms of pressor response of a third substance 
(angiotonin) (10-12). It is probable that the major constituent of renin 
activator and renin solutions is a mixture of inert proteins and that the 
active principles are present in extremely small amounts. The relation 
of the maximum amounts of product (angiotonin) formed to the amount 
of renin employed has little or no bearing upon the nature of the reaction 
and surely none as regards its order. To state with certainty whether 
renin reacts stoichiometrically with a certain globulin fraction can only be 
answered by determining the rate of the reaction. A first order reaction 
would indicate an enzymatic process, while a second or third order reaction 
would necessitate a stoichiometric reaction. 

The previously reported studies of this reaction (3, 6) do not lend them- 
selves to such an analysis. In crude preparations of renin and renin 
activator, substances are present which destroy the freshly formed angio- 
tonin (6). This results in two or more competitive reactions the complexity 
of which may be too great for a kinetic analysis. Both renin and renin 
activator used in this investigation were free of angiotonase and this forced 


* Many attempts have been made to standardize renin solutions. All except one 
of the proposed methods were based upon the pressor response elicited by intravenous 
injection of given amounts of renin solutions. Since renin is an enzyme, as this 
kinetic investigation has shown, it must be tested as an enzyme; 7.e., in its catalytic 
action and not as a pressor substance. 
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the reaction to proceed in one direction only. Munoz, Braun-Menendea, 
Fasciolo, and Leloir (9) reported curves in essence similar to Fig. 1, using 
angiotonase-free renin and renin activator, but the experimental error 
involved is somewhat too great for a kinetic study. 

Enzymes are organic catalysts and as such are governed by the same 
laws as are inorganic catalysts. Hence, the amount of substrate decom- 
posed must be proportional at any time to the concentration of the sub- 
strate. If A, represents the reaction constant for a given amount of en- 
zyme and S the substrate concentration, —dS/dt = KS. That is, it must 
conform with the laws of a first order reaction. When the logarithm of the 
substrate concentration at time ¢, which is proportional ‘to the logarithm of 
the ratio of the final activity minus the activity at ¢ to the final activity, is 
plotted against the time, a straight line is obtained in complete agreement 
with the requirements of the above equation. A graphic representation 
of this relationship is given in Fig. 2. The slopes of the curves are pro- 
portional to the concentration of renin present, showing that the first order 
reaction constant is proportional to the renin concentration. 

The same conclusions can be drawn from Curves 2 and 3, Fig. 2. Since 
the renin activator becomes exhausted more rapidly after the concentration 
of renin is increased, the rate of the reaction is proportional to the concen- 


tration of renin. 


The authors are indebted to Mr. Fredric R. Van Abeele for his valued 


assistance. 
SUMMARY 


The reaction of angiotonase-free renin and renin activator was studied 
from a kinetic point of view. The minimum amount of renin required to 
produce maximum angiotonin pressor response for the activator employed 
was determined. Approximately one-fourth of this amount was incubated 
with renin activator for various lengths of time. When the logarithm of the 
concentration of renin activator was plotted as a function of angiotonin 
pressor response against time, a straight line was obtained as required by 
theory for an enzymatic reaction (first order). The first order reaction 
constant for a duplicate experiment with twice the amount of renin was 
found to increase proportionally. The percentage of renin activator 
decomposed per unit of time was therefore proportional to the renin con- 
centration and independent of the activator concentration. The reaction 
is therefore enzymatic; renin is the enzyme and renin activator the sub- 


strate. 

















- Ff oe 


_— 


a | 


rr 














= ow ro 


uo 


A. A. PLENTL AND I. H. PAGE 141 


BIBLIOGRAPHY 


. Page, I. H., J. Urol., 46, 407 (1941). 


Page, 1. H., and Helmer, O. M., Proc. Centr. Soc. Clin. Research, 12, 17 (1939). 


. Page, lL. H., and Helmer, O. M., J. Exp. Med., 71, 29 (1940). 


Fasciolo, J. C., Leloir, L. F., Muiioz, J. M., and Braun-Menendez, E., Rev. Soc. 


argent. biol., 16, 643 (1940). 
Kohlstaedt, K.G., Helmer, O. M., and Page, I. H., Proc. Soc. Exp. Biol.and Med., 


39, 214 (1938). 


; Braun-Menendez, E., Leloir, L. F., Mufioz, J. M., and Fasciolo, J. C., Rev. Asoc. 


bioquim. Argentina, 5, 17 (1940). 


ietied 


. Helmer, O. M., and Page, I. H., J. Biol. Chem., 127, 757 (1939). 
. Theorell, H., Biochem. Z., 268, 46 (1934). 
_ Muiioz, J. M., Braun-Menendez, E., Fasciolo, J. C., and Leloir, L. F., Am. J. Med. 


Sc., 200, 608 (1940). 


. Swingle, W. W., Taylor, A. R., Collings, W. D., and Hays, H. W., Am. J. Physiol., 


127, 768 (1939). 


_ Schales, O., and Haynes, F. W., Proc. Soc. Exp. Biol. and Med., 47, 315 (1941). 
. Leloir, L. F., Mufioz, J. M., Braun-Menendez, E., and Fasciolo, J. C., Rev. Soc. 


argent. biol., 16, 635 (1940). 
































THE NATURE OF RENIN ACTIVATOR 
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Kohlstaedt, Helmer, and Page (1, 2) showed that renin itself is not 
physiologically active but requires the presence of proteins in order to be 
effective as a pressor agent. They suggested that it is enzyme-like. At 
first serum was used as substrate (2, 3), but a pseudoglobulin fraction 
prepared from serum was found to be even more effective. This fraction 
has been temporarily called “renin activator” because the nature of the 
reaction was not fully understood. The mechanism of the interaction of 
renin and renin activator has now been more critically analyzed (4), and 
its enzymatic nature kinetically demonstrated (first order reaction). Since 
the percentage of renin activator decomposed per unit time was pro- 
portional to the renin concentration, renin is the enzyme and renin activa- 
tor the substrate. 

Since the nature of the reaction had been established, it seemed of inter- 
est to investigate and prepare both substrate and enzyme in chemically 
pure form. This report deals with the chemical nature of renin activator. 

Tiselius (5) and other investigators have shown that blood globulins 
consist of a number of electrophoretically distinct proteins and, since renin 
activator prepared by a rough fractionation of serum appeared to be a 
mixture of these, we attempted to find which, if any, of these serum com- 
ponents can act as renin activator. Cohn, McMeekin, Oncley, Newell, 
and Hughes (6) and Green (7) prepared reasonably pure proteins by am- 
monium sulfate and alcohol fractionation of horse serum. We have studied 
and fractionated hog serum by similar methods and found renin activator 
to be identical with or contained within the a2-globulin fraction. 


EXPERIMENTAL 


Fractionation of Serum—Fresh hog blood was allowed to clot and was 
drained through cheese-cloth. The filtrate was centrifuged in order to 
remove residual cells. The supernatant serum was siphoned off and found 
to be very little hemolyzed. It was diluted with 1 volume of water and 
fractionally precipitated with ammonium sulfate. The rotating cello- 
phane bag technique was employed unless otherwise stated. 

Fraction I (y-Globulin)—16 liters of serum were diluted with an equal 
volume of water and enough ammonium sulfate added to make the solution 

143 








144 NATURE OF RENIN ACTIVATOR 


1.25 m. The precipitate was dissolved in the minimum amount of water 
and dialyzed until free of salt. The solution was made up to 4000 ce., 
which gave a protein concentration of 7 per cent. 76 cc. of 1 N sulfurie 
acid and 2300 cc. of water were then added to bring the pH of the solution 
to 6.5, which was followed by addition of 1600 ec. of saturated ammonium 
sulfate. This was added through a separatory funnel in such a way that 
the tip of the funnel extended below the surface of the liquid. The con- 
centration of ammonium sulfate at this point was 1.22 mM. The precipitate 
which was formed was filtered off, dissolved in 1500 ec. of water, and 
exhaustively dialyzed against distilled water until free from ammonium 
sulfate. The euglobulin was removed by filtration, dissolved in normal 
saline, and tested as described below. The pseudoglobulin was precip- 
itated four times at 1.22 mM ammonium sulfate at pH 6.5 and the final 
precipitate dissolved in 600 ec. of water and dialyzed until free of salt. 
Electrophoretic analysis of a 1.7 per cent solution in phosphate buffer at 
pH 7.7 showed the product to be relatively pure y-globulin (Fig. 1, b). 
About 5 per cent of an impurity moving with a velocity of a-globulin was 
present. 

Activator—The filtrate from y-globulin was brought to 2.10 m by addition 
of solid ammonium sulfate through cellophane membranes. The filtrate 
was set aside for precipitation of albumin and the precipitate dissolved in a 
sufficient quantity of water to make a 4 to 6 per cent solution. After 
thorough dialysis and removal of the euglobulin the solution was diluted 
to 2 per cent protein and a small portion of this fraction used for the ineuba- 
tion experiments described below. An electrophoretic analysis of a 2 per 
cent solution in phosphate buffer at pH 7.62 indicated its composition to 
be 18 per cent albumin, 56 per cent ao-globulin, 6 per cent 8-globulin, and 
24 per cent y-globulin (Fig. 1, c). No separate a;-globulin was found. 

Fraction I1—The activator solution containing 2 per cent protein was 
brought to 1.53 M ammonium sulfate and the precipitate discarded. The 
ammonium sulfate concentration of the filtrate was then increased to 1.70 
M, and the filtrate used for the preparation of a-globulin and the precipitate 
dissolved in water and dialyzed until free of salt. The euglobulin was 
discarded, because it was found to be inactive, and the pseudoglobulin once 
more precipitated between 1.60 and 1.76 M ammonium sulfate. After 
repetition of this procedure, the final solution was adjusted to pH 5 and 
dialyzed until no more precipitate formed. A small amount of euglobulin 
was formed, which was removed by filtration through a heavy layer of 
Hyflo Filter-Cel and the filtrate diluted to give a 2 per cent solution. This 
solution was employed for the incubation experiments described below. 
Electrephoretic analysis of a 2.1 per cent solution in phosphate buffer at 
pH 7.68 is given in Table II (Fig. 1, d). Since the resolution at this pH 
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was not very good, the electrophoretic analysis of this fraction was re- 
peated in veronal buffer at pH 8.49 (Fig. 1, e). 









































Fic. 1. Eleetrophoretic patterns of hog serum and fractions precipitated with 


ammonium sulfate. Patterns with arrows pointing left are descending; right, ascend 
ing a) Whole serum, upper, 150 minutes; lower, 250 minutes. (b) Fraction I 
y-globulin), upper, 200 minutes; lower, 420 minutes. (ce) Activator, upper, 100 
minutes; lower, 210 minutes. (d) Upper, Fraction II] (@-globulin), 120 minutes; 

999 


lower, Fraction Il, 220 minutes. (e) Fraetion II, upper, 150 minutes; lower, 222 


minutes. (/) Fraction IV, upper, 120 minutes; lower, 220 minutes. Veronal buffer 
pH 8.49) was employed for Fraction IL (e), while all others were made in phosphate 
buffer (pH 7.7). All exposures were made with Philpot’s cylinder lens system and 


a 30° knife-edge diaphragm. 


Fraction [11 (a-Globulin)—The filtrate from Fraction IT at 1.70 M was 
brought to 2.05 m ammonium sulfate, and the precipitate dissolved in 
water and dialyzed against tap water until free of salt. It was twice 
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precipitated between 1.85 and 2.10 M ammonium sulfate and the final 
solution adjusted to pH 5 and treated in the same manner as described for 
Fraction II. An electrophoretic analysis of a 2.0 per cent solution in 
phosphate buffer at pH 7.7 indicated 92 per cent a.-globulin, 5 per cent 
of a slower 8- or y-globulin, and 2 per cent of a faster moving component 
(albumin or a,-globulin) (Fig. 1, @). 

Fraction 1V—The filtrate from the activator at 2.10 M ammonium sulfate 
was brought to 2.56 mM, the precipitate collected, dissolved in the minimum 


TABLE | 
Preliminary Tests on Globulin and Albumin Fractions 
To 5 ce. of a2 per cent protein solution were added various amounts of renin solu- 
tion and the mixture made up to 6 ec. For an explanation of the units see the text. 


Incubation and testing are described in the experimental portion 


Experiment No Substrate Renin Ur 
s Activator 0.004 0.2 
10 ” 0.038 0.4 
1] - 0.06 0.5 
12 - 0.10 0.7 
13 " 0.50 O.9 
14 Fraction ILI (a-globulin) 0.03 0.25 
15 - = * 0.06 0.4 
16 = ” “ 0.10 O.5S 
17 “ " os 0.50 1.35 
IS <3 I] 0.03 0.10 
19 ‘ ” 0.06 0.0 
20 ™ oF 0.10 0.2 
21 _ 0.50 0.2 
22 7 I (y-globulin) 0.05 0 
23 - "7 im 0.50 0) 
24 4 +. 1.0 0 
25 Fraction IV 0.05 0 
26 si sa 0.50 0 
27 ” - 1.0 0 


amount of water, and dialyzed. When free of salt the solution was ad- 
justed to pH 4.75 by addition of dilute hydrochloric acid and the precipita- 
tion repeated twice, any precipitate which formed up to 2.10 mM ammonium 
sulfate being discarded. In the hope of separating albumin, we added 
saturated ammonium sulfate to incipient cloudiness at pH 7.5, and the 
protein was precipitated by slow addition of dilute sulfurie acid. An 
electrophoretic analysis of this isoelectric precipitate in phosphate buffer 
at pH 7.62 is given in Fig. 1, f, and Table I. 

The renin used in this investigation was prepared according to Helmer 
and Page (8) (aleohol being used instead of acetone to dehydrate the minced 
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kidneys). ‘This preparation was not free of angiotonase, since 30 minutes 
incubation of 8 parts of renin with | part of angiotonin caused a 60 per cent 
reduction in pressor activity. Little or no reduction was observed after 
10 minutes incubation. Samples of the various globulin and albumin 
fractions were incubated with specified amounts of renin for 10 minutes, 
the pH adjusted to 5.5, and the mixture placed in a boiling water bath for 
6 to 10 minutes. The denatured proteins were filtered off and 1.0 ec. of 
the clear filtrate tested in the manner previously described with a pithed 
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Fic. 2. Comparison of a-globulin (QO) and activator (OQ) in their efficiency as sub- 
strates for angiotonin formation when incubated with increasing amounts of renin. 
Both substrate solutions contained 2 per cent protein and the same renin preparation 
is the maximum angiotonin response characteristic of the substrate 


was used. A, 
These maximum values were obtained by incubation with 


(a-globulin or activator). 
excessive amounts of renin. 
eat as a test animal.' The results are expressed in terms of an arbitrary 
unit defined as the fraction 

Mm. blood pressure rise of 1.0 ce. sample 


Mm. blood pressure rise of 0.1 ec. standard angiotonin 





! The pithed cat was found to be the most satisfactory animal for this assay. How- 
ever, it must be kept in mind that all responses must be below a limiting value char- 
acteristic of the animal and its state of health. An animal in which the responses are 
not additive (doubling the quantity of angiotonin must produce twice the pressor 
response) is useless for the assay. We wish to thank Dr. kK. G. Kohlsteadt and Mr. 
C. Wilson for the animal assay. 
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As a preliminary test all fractions were incubated with various amounts 
of renin at pH 7.0 in order to determine which, if any, of them contains the 
substrate or can act as such. The results of these tests are given in Table 
I from which it can be concluded that only the a-globulin fraction shows 
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Fic. 3. Comparison of hog serum, activator, and a-globulin in their efficiency as 
substrates for angiotonin formation when incubated with renin at various pH values. 


All substrates contained 2 per cent protein. 


any activity. a-Globulin was therefore studied more extensively, smaller 
increments of renin being used in order to arrive at a more complete curve 
which is reproduced in Fig. 2. The maximum amount of angiotonin was 
not reached in the preliminary tests (Table I), since a-globulin is capable 


of producing 2.2 angiotonin units under the condition of the experiment. 
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Responses elicited by incubation of renin with activator (2 per cent total 
protein) are plotted for comparison. 

Another series of experiments was carried out in order to study the effect 
of pH on this enzymatic reaction. 5.0 ec. of 2 per cent a-globulin solution 
were adjusted to various pH values, 1 ce. of renin solution of the same 
acidity added, and the volume made up to 7 ec. The mixture was in- 
cubated at 37° for 10 minutes and after the pH was adjusted to 5.5 the 
proteins were denatured by heating and removed by filtration through 
coarse paper. 1 cc. of this filtrate was used for biological testing. 

The same experiments were repeated with activator and fresh hog serum 
each containing 2 per cent total protein. The results of these experiments 
are given in Fig. 3. 


DISCUSSION 


The investigations of Cohn, MeMeekin, Oncley, Newell, and Hughes (6) 
and Green (7) had shown that horse serum can be fractionated with am- 
monium sulfate, giving reasonably pure globulins and crystalline albumins. 
The order in which these proteins precipitate with ammonium sulfate 
corresponds to their electrophoretic mobilities. As the salt concentration 
increases, the globulins precipitate in the order y-, 8-, and a-globulin, 
followed by albumins, enzymes, and pigments. If plasma instead of serum 
is used, fibrinogen represents an exception to this rule: its mobility lies 
between 8- and y-globulin at pH 7.7; vet it is the first to precipitate upon 
addition of ammonium sulfate or alcohol. 

A comparative study of horse, cow, swine, and rabbit serum has been 
reported by Svensson (9). Although Svensson did not isolate the protein 
constituents by repeated fractionation, his investigations indicate that 
such a separation is possible. Following a suggestion of Tiselius, he 
analyzed the filtrates after addition of various amounts of ammonium 
sulfate instead of the precipitates. This method is to be preferred for a 
preliminary study and his results clearly show that the precipitating power 
of ammonium sulfate is quite similar with all these sera. Although the 
percentage of each globulin differs with the species, the order in which they 
are removed from the solution is the same. Since he precipitated the 
fractions by addition of solid ammonium sulfate, coprecipitation must be 
taken into account in any interpretation of his data. This, however, 
would not essentially change the order of precipitation. 

With this in mind we attempted to prepare the various globulin fractions 
from hog serum using a procedure similar to the one reported by Cohn, 
MeMeekin, Oneley, Newell, and Hughes (6). The limits within which 
these proteins precipitate were found to be somewhat different from the 
values reported for horse serum, although the data of Svensson (9) would 
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indicate that they are almost identical. Thus, globulins were not expected 
to precipitate above 2.10 M ammonium sulfate and any precipitate above 
that concentration should be albumin; yet the major constituent of Frae- 
tion IV (2.10 to 2.56 M ammonium sulfate) was a2-globulin. 

Examination of the electrophoretic patterns of whole serum (Fig. 1, a) 
revealed two distinct a-peaks, similar to the two forms of a-globulin in 
horse serum (9). Since their electrophoretic mobilities are distinetly dif- 
ferent, they are probably chemically non-identical. Tiselius (5) reported 
only one a component in horse serum and Svensson believes that the double 
nature of a- and 8-globulins in horse serum escaped detection owing to the 
limitation of the original Toepler schlieren method. Our separation of 
a-globulin peaks reveals the double nature of a-globulin in hog serum, 


TaBie II 
Electrophoretic Analysis of Hog Serum and Various Fractions Obtained by Precipitation 
with Ammonium Sulfate 
The values reported in this table represent per cent protein and were computed 


from electrophoretic patterns by the usual method. 


a-Globulin 


y-Globulin 8-Globulin Albumin 
@ a 
Hog serum 21.5 15.0 2.1 15.5 14.4 
Activator 23.9 6.1 ? 56.0 18.2 
Fraction I (y-globulin) 95.0 5.1 
2 II 16.6 28.6 9.9 15.8 
ILI (a-globulin) 5.2 93.5 2.1 
“ IV 8.5 5.9 54.4 7.5 


Our quantitative estimation of whole serum by electrophoresis corres- 
ponded fairly closely to the values reported by Svensson, with the exception 
of albumin. In this investigation mobilities have been used only for the 
identification of components. 

Preliminary tests indicated that the substrate for angiotonin formation 
is present in the activator fraction (1.22 to 2.10 M ammonium sulfate). A 
quantitative electrophoretic analysis of this fraction revealed the main 
constituent to be a»-globulin (Table II). Since the lower fraction on 
repeated precipitation up to 1.22 M ammonium sulfate turned out to be 
practically pure y-globulin and since y-globulin as well as albumin (Table I) 
was found to be devoid of physiological activity, it was concluded that 
a-globulin is the substrate, since the content of 8-globulin is very small. 
Although we were unable to prepare 8-globulin in electrophoretically pure 
state, ao-globulin was obtained in a state of about 90 per cent purity 
(Fraction IIT). Fraction IT (Table IL) contains both a;- and a»-globulin 
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in addition to B- and y-globulins. Angiotonin responses elicited by using 
this fraction as a substrate indicated that a,- like y-globulin is inert. 
Since we can attribute a specific physiological function to the a2-globulin, 
it is unlikely that the existence of two a components is due to individual 
variations of sera (9). 

That 8-globulin cannot act as substrate can be shown indirectly, for if 
it were effective much more angiotonin should be produced by incubation 
of Fraction II with renin than was actually observed. With a-globulin as 
standard, all the angiotonin formed after incubation of Fraction II with 
renin could be accounted for if a:-globulin alone had reacted. If 6-globulin 
were effective, the angiotonin responses should be at least 3 times higher 
than the values reported for Fraction II. 

The fact that Fraction 1V contains an unduly large amount of a:-globulin 
and only 30 per cent albumin indicates that the limit for the precipitation of 
albumin is very much higher in hog serum than in any other species. It 
may also explain the difficulties encountered in attempts to crystallize hog 
serum albumin. Precipitation at higher ammonium sulfate concentrations 
would probably yield a crystalline material. Although this fraction con- 
tains slightly more a)-globulin than the activator, physiological activity is 
entirely lacking (Table I). This can be explained by the presence of angio- 
tonase, which destroys angiotonin just as soon as it is formed. In order to 
demonstrate the presence of this enzyme each fraction was tested by in- 
cubation with a known amount of angiotonin by a method previously 
reported (10). Only Fraction [V destroyed angiotonin, which indicated 
that angiotonase precipitates between 2.10 and 2.56 Mammonium sulfate. 
This fact has an important bearing upon the interpretation of the curves 
in Figs. 2 and 3. Assuming that the principle acting as substrate in the 
activator is a)-globulin, present to the extent of 56 per cent, its maximum 
amount of angiotonin produced after incubation with renin, expressed in 
terms of angiotonin units, should be much higher than the observed value. 
The albumin present in this fraction (18 per cent) probably carried with 
it a sufficient quantity of angiotonase to account for the difference. Ina 
comparison of the maximum angiotonin rises of a-globulin, activator, and 
whole serum at pH 6.5 in Fig. 3 the same phenomenon can be observed. 

We have shown in a previous communication (4) that the reaction of 
renin and renin activator is enzymatic. Since it follows the laws of a first 
order reaction, the percentage of renin activator decomposed per unit of 
time must be proportional to the renin concentration. When the a- 
globulin and activator curves in Fig. 2 are compared, it can be seen that 
the maximum amount of angiotonin which this protein can yield is reached 
at a lower renin concentration with activator than with a-globulin. If 
the percentage of substrate decomposed per unit of time were the same, 
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the maximum value should be reached at the same renin concentration, 
This apparent discrepancy is due to the fact that in the a-globulin experi- 
ments the specified amount of renin was added to 5 cc. of substrate and 
the solution made up to 7 cc., while in the activator experiment the final 
solutions were made up to 6 cc. The actual concentration of enzyme was 
therefore not the same in the two experiments. We did not feel justified 
in applying a correction factor in Fig. 2 because of the complexity of 
the system. However, if a correction 7/6 were made for the activator 
curve, the maximum angiotonin response would be reached at about 1.4 ee. 
of renin in both cases. 

Various protein mixtures have been used as substrate for the preparation 
of angiotonin. Mufoz, Braun-Menendez, Fasciolo, and Leloir (3) and 
Page and Helmer (11) prepared a globulin fraction precipitated between 
1.6 and 2.0 m potassium phosphate or 0.33 to 0.5 saturated ammonium 
sulfate. The latter fraction is about equivalent to the fraction precipitated 
between 1.25 and 2.10 M ammonium sulfate and may be assumed to have 
approximately the same composition as the fraction employed in this 
communication (activator). In a recent report by Sapirstein, Southard, 
and Ogden (12) on the use of renin activator for the restoration of blood 
pressure in hemorrhagic shock, a globulin fraction of ox blood was used. 
These authors followed the procedure of Braun-Menendez et al. (13) by 
precipitating serum proteins with 0.4 saturated ammonium sulfate. A 
comparison of the relative efficiency of serum, activator, and a-globulin 
at various pH values is given in Fig. 3. 

We have not analyzed the globulin fraction of Ogden and Braun- 
Menendez but the data of Svensson can be used to calculate the percentage 
of substrate in this fraction. When we use these data and neglect a small 
amount of euglobulin, the concentration of a-globulin may be estimated 
as 26 per cent. Since the original hog serum contains approximately 14 
per cent a-globulin according to Svensson (9) and 15 per cent according to 
our analysis, the maximum amount of angiotonin which Ogden’s activator 
could vield under the same conditions should be about twice the value of 
serum or one-half the value obtained with activator. If the favorable 
results obtained by Sapirstein, Southard, and Ogden (12) are due to ar- 
teriolar constriction (in vivo angiotonin formation), the use of the fraction 
obtained with 0.4 saturated ammonium sulfate would not be most efficient. 
Pure a-globulin should give the best response per gm. of protein employed. 

Other proteins such as hemoglobin, casein, egg albumin, etc., have been 
tested (3, 4) and found to be ineffective as substrates for renin. It is 
therefore not surprising that the action of this substrate is so specific that 
not even a-, 8-, or y-globulin can replace it. A prosthetic group or peculiar 
arrangement of amino acids in the a-globulin or some electrophoretically 
unresolvable fraction thereof must be responsible for this. The removal 
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of a prosthetic group by renin seems to us the most probable explanation, 
since the enzyme (renin) is not proteolytic in the conventional sense of 
the word. 


We wish to acknowledge the valued assistance of Mr. Fredric R. Van 
Abeele in this study. 


SUMMARY 


An electrophoretic analysis of hog serum has been made which showed 
the presence of five distinct proteins. a@-Globulin was found to exhibit the 
phenomenon of a double peak. The serum was fractionated by precipita- 
tion with ammonium sulfate, which yielded some of the globulins in reason- 
ably pure form. a- and y-globulins were found to precipitate within the 
concentration limits reported for horse serum, but the limits for albumin 
were found to be much higher. 8-Globulin could not be obtained in pure 
state. Pseudoglobulin fractions were incubated with various amounts of 
renin and only the as-globulin component found to act as substrate for the 
production of angiotonin. Euglobulins were entirely inactive. The 
relative efficiency of serum, activator, and a-globulin as substrate was 
compared and the amount of angiotonin formed was found to be propor- 
tional to the concentration of a-globulin. The substance referred to as 
renin activator is therefore identical to, or moves with the same electro- 
phoretic mobility as a-globulin. 

An appreciable quantity of angiotonase has been demonstrated in the 
albumin fraction, while none could be found in the globulins. 
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The rapid hydrolysis of large quantities of phosphocreatine is one of the 
characteristic initial processes which occur during muscular contraction 
(1-3). Minimal concentrations are found after 1 or 2 minutes of work and 
little further change is apparent as work continues. The isotope technique 
would seem to offer a new approach to the question of whether the small 
quantity of phosphocreatine remaining after the beginning of work is in- 
volved actively in the continuation of this process. Sacks (4) measured the 
relative radioactivity of the phosphocreatine of cat muscle in situ after a 
15 second period of isometric tetanus and found that the contraction did not 
modify the rate of turnover of the remaining phosphocreatine. We have 
now used radioactive phosphorus to study the effect of continuous isotonic 
contraction at the rate of three twitches per second on the phosphocreatine 
and inorganic phosphate of muscle, the effect of one period of work followed 
by rest, and the effect of repeated alternating periods of work and rest. 
The changes found in the concentrations of the phosphate compounds of the 
muscles studied under the conditions of work and rest in these experiments 
were similar to those previously reported (2). In muscle which had con- 
tracted 180 times in | minute, as compared with the resting control muscle 
of the unstimulated leg, these changes were found: approximately a 3-fold 
increase of inorganic phosphate, a decrease to a fifth of phosphocreatine, 
and a decrease to a half of adenosine triphosphate. As long as the muscle 
continued to work, no major changes in the content of these phosphates 
occurred. Subsequent rest of 5 minutes restored the resting values of inor- 
ganic phosphate and phosphocreatine, but the resynthesis of adenosine 
triphosphate was not as rapidly completed. 


Procedure 


Sodium phosphate containing radiophosphorus was administered, gen- 
erally intravenously, or in some of the longer experiments subcutaneously 
or intraperitoneally, to rats, from 30 minutes to 24 hours before the muscles 
were removed for analysis. Male rats, weighing about 240 gm., received 
from 1.6 to 7.5 mg. of phosphorus as dibasic sodium phosphate containing 
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from 39 to 188 microcuries of P®. We are greatly indebted to Professor 
John H. Lawrence and Dr. Carl Helmholz of the Radiation Laboratory, 
University of California, Berkeley, who have supplied the labeled sodium 
phosphate used in these studies. 

The rats were anesthetized with sodium pentobarbital and the skin was 
loosened from the hind legs. The Achilles tendon of the left leg was loaded 
with a weight of 100 gm. and the muscle stimulated directly three times a 
second, each time with one complete cycle of 60 cycle current. The appa- 
ratus used for stimulation consisted essentially of a disk which rotates three 
times a second with a movable brush adjusted to make contact in a sector 
a twentieth of the circle, thus sending a complete cycle of 60 cycle current 
through the muscle three times each second with a voltage of 50 through a 
resistance of 40,000 ohms. The work done, as measured roughly with a 
Veeder counter, was greatest during the first 30 or 40 seconds, at the end of 
which time it decreased about a third and continued indefinitely at a con- 
stant rate. After varying intervals of work and rest the Achilles tendon 
was pulled upward and the flexor muscles of this leg were removed quickly 
and frozen in a mixture of carbon dioxide ice and aleohol. The muscles of 
the opposite control leg were then removed immediately in the same 
manner. 

The frozen muscle was crushed between cooled steel blocks, quickly 
weighed, and dropped into tubes containing 20 ml. of ice-cold 5 per cent 
trichloroacetic acid and glass beads. The tubes were shaken in a room at 
0° for 15 minutes and the solution was filtered. The acid-soluble phos- 
phates were fractionated with barium hydroxide at 0° according to the 
modified Eggleton and Eggleton (5) technique (6); the barium-insoluble 
phosphates were dissolved with trichloroacetic acid and reprecipitated with 
barium hydroxide. The phosphate content was determined in duplicate 
by the method of Fiske and Subbarow (7). 

Experiments in which sodium phosphate containing 0.5 and 0.7 micro- 
curie of P® was added to trichloroacetic acid extracts of four normal muscles 
prior to the foregoing fractionation showed contamination of the phospho- 
creatine with from 0.71 to 1.77 per cent of the inorganic phosphate. Such 
contamination would be serious, however, only when very different concen- 
trations of phosphocreatine were to be compared, as in Table I. If, after 
the usual fractionation, inactive phosphoric acid was added to the barium- 
soluble fraction and this precipitated with barium hydroxide, the contami- 
nation of the phosphocreatine in four other muscles was reduced to 0.14 to 
0.61 per cent of the inorganic phosphate. ‘To minimize such contamination 
two additional precipitations of barium phosphate were introduced in the 
later experiments. 

The radioactivity was measured with a seale-of-four, Geiger-Miiller 
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counter of the immersion type (8). The phosphates of the muscle were first 
separated by the foregoing barium procedure and precipitated as ammonium 
phosphomolybdate at 0° overnight and then as magnesium ammonium 
phosphate for 4 hours at room temperature (9). Plasma inorganic phos- 
phate was extracted with trichloroacetic acid and then precipitated directly 
as the magnesium salt. The magnesium ammonium phosphate was fil- 
tered, dissolved in hot 5 per cent nitric acid, and the radioactivity counted 


TABLE I 


Effect of Time on Distribution of Radioactive Phosphate in Inorganic Phosphate and 
Phosphocreatine of Working and Resting Muscle 











Inorganic phosphate Phosphocreatine 
Becuont | work a 
: ork } | | iulty® 

a. Sm Left Right | Activity,”| Left Right | cen santo 
| Left | Right 
min. min. op of “hse” | per cent 2% — “gr or | per cent | per cent 
60 1 | 0.4 | 2.8 | 424 | 7.2 | 53.0 | 18.4 | 14.7 
60 30 77.2 | 25.2 | 48.7 4.2 | 53.3 | 25.4 | 19.4 
60 30 69.7 | 28.6 | 55.2 8.4 | 54.4 | 40.5 | 29.7 
60 30 63.6 18.8 | 39.3 9.4 | 54.4 | 22.0 | 16.1 
60 30 69.5 | 21.2 | 31.9 8.4 | 47.8 13.8 | 10.5 
61 30 59.2 | 20.0 | 43.6 9.0 | 4.3 | 18.8 | 15.8 
63 1 68.0 | 26.2 | 38.8 6.6 | 52.4 | 30.6 | 19.2 
63 45 | 65.0 | 18.5 | 9.6 13.9 | 56.3 | 1.3 | 9.1 
75 «60 50.2 25.7 | 68.0 | 18.8 | 50.0 | 35.2 | 19.8 
120 | 41 | 72.0 | 25.3 | 56.5 7.4 | 48.4 | 69.0 | 40.3 
125 120 54.6 | 30.2 | 72.0 9.9 38.6 | 65.7 | 27.5 
132 60 74.0 | 32.2 | 64.5 7.4 | 40.0 | 46.9 | 28.8 
180 30 67.5 23.8 | 81.6 6.8 46.2 95.9 | 69.9 

180 30 60.3 19.6 57.4 4.2 50.0 
623 30 75.2 | 27.7 | 70.0 9.0 | 42.7 | 93.4 | 68.0 
1320 60 45.4 | 28.5 | 95.5 | 24.5 | 42.3 | 89.5 | 87.2 
1440 | 30 | 59.0 | 24.7 | 78.0 | 13.6 | 44.7 | 86.0 | 89.4 


* The radioactivity of the inorganic phosphate for each mg. of phosphorus of the 
resting muscle is considered as 100 and the radioactivity of all other fractions is 
expressed in percentage of thisamount. In these experiments the left leg was stimu- 
lated for the indicated number of minutes immediately prior to taking the samples 
of muscles at the indicated times after administration of radioactive phosphate. 


after suitable adjustment of volume. Differences of activity per mg. of 
phosphorus of nineteen samples of inorganic phosphate of muscle precipi- 
tated in duplicate varied from 1.0 to 4.5 per cent. 

Results 


Continuous Work—Changes found in the concentrations of phosphocrea- 
tine and inorganic phosphate in muscles contracting 180 times a minute for 
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1 to 120 minutes were similar to those previously reported (2) (Table 1), 
The concentration of the phosphorus of phosphocreatine in seventeen mus- 
cles which had worked in this manner averaged 9.9 mg. per 100 gm. in 
contrast to 48.3 in the opposite resting muscles; the concentration of the 
phosphorus of inorganic phosphate was 64.2 mg. in contrast to 24.8 mg. 

The radioactivity per mg. of phosphorus of the inorganic phosphate and 
phosphocreatine of the resting muscles increased with time after the ad- 
ministration of the radiophosphorus. During the first 2 hours the radio- 
activity of the inorganic phosphate of the muscle varied from a twentieth 
to a sixth of that in the plasma, from the 3rd to the 10th hour from a 
twelfth to a half, and at 22 and 24 hours was approximately equal to that 
in the plasma. The uptake of radioactivity by the phosphocreatine was 
definitely slower than that of the inorganic phosphate of muscle. During 
the first 2 hours the radioactivity of the phosphocreatine was 9 to 40 per 
cent of the radioactivity of the inorganic phosphate of the resting muscle, 
from the 3rd to the 10th hour about 70 per cent, and at 22 and 24 hours 
about 90 per cent. All comparisons of radioactivity have been made on 
the basis of radioactivity for each mg. of phosphorus involved. 

The radioactivities of the phosphate compounds in working muscles also 
showed an increase similar to that found in resting muscle with time after 
the administration of radiophosphorus. The actual Geiger-Miiller counts 
of the phosphate fractions of muscle were from 10 to 1500 a second for each 
mg. of phosphorus, depending on the nature of the fraction, the time, and 
the amount of radiophosphate administered. For convenience of compari- 
son the radioactivity of 1 mg. of the phosphorus of the inorganic phosphate 
of each resting muscle has been arbitrarily called 100, and the radioactivity 
of all other fractions expressed in percentage of this amount. The radio- 
activity of the inorganic phosphate per mg. of phosphorus in the working 
muscles was considerably lower than that in the resting muscles, particu- 
larly during the shorter periods after administration of radiophosphorus 
(when there is a marked differential distribution of radiophosphorus be- 
tween the inorganic and organic phosphates of resting muscle). The 
decreased radioactivity of the inorganic phosphate of working muscle is 
undoubtedly due to dilution with phosphate liberated from the less radio- 
active organic compounds such as phosphocreatine and adenosine triphos- 
phate. The fraction termed ‘inorganic phosphate’’ represents the fraction 
extractable with trichloroacetic acid which forms an insoluble barium salt 
and reacts directly with the Fiske and Subbarow reagent. Later in this 
paper data are presented which indicate that part of this fraction, especially 
in working muscle, is combined, probably with protein. 

There was an increase of radioactivity of the residual phosphocreatine 
in some of the working muscles compared with their controls but this was 
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not progressive with the time of working. Moreover the possibility existed 
that this might be due to contamination of the very small quantity of 
phosphocreatine with traces of the highly active inorganic phosphate. 
Therefore two extra precipitations of barium phosphate from the phospho- 
creatine fraction were introduced in a later series of experiments (Table 
II). The radioactivities of the phosphocreatine in the muscles of the two 
hind legs of the control rats were found to be approximately the same. 
Likewise the radioactivity of the phosphocreatine of the muscles which 
worked 1 minute was similar to that of their resting controls. The radio- 
activity of the phosphocreatine in muscles which worked 60 minutes was 
not elevated greatly above the values in the resting leg. The increase found 
is extremely small compared with the radioactivity of the “inorganic phos- 
phate”’ of the working muscle. If this were furnishing phosphate for any 
appreciable resynthesis during the 60 minute period of work, the radioac- 
tivity of the phosphocreatine should approach that of the inorganic 
phosphate. 

The variability of the radioactivity between the muscles of the two hind 
legs of the control rats is probably due to inclusion of varying amounts of 
blood containing inorganic phosphate of high activity. This variation is 
not sufficient to alter the import of the values obtained. It thus appears 
that there is little if any increase of the radioactivity of the residual phos- 
phocreatine in working muscles which can be attributed to the processes 
of work. 

One Period of Work Followed by Rest—The muscles of the left hind legs of 
eight rats were stimulated to work for 3, 12, 48, or 55 minutes and then 
allowed to rest for 3,5, or 12 minutes. The concentrations and radioactivi- 
ties of phosphocreatine in the muscles which worked and rested were about 
the same as in the control resting legs, although approximately 80 per cent 
of the phosphocreatine in the working muscle would have been broken down 
during the Ist minute of work and resynthesized during the first minutes of 
rest (Table IIT). Thus the hydrolysis and resynthesis of 80 per cent of the 
phosphocreatine can be accomplished with no appreciable change of its 
radioactivity. Since the ‘‘inorganic phosphate” fraction of the muscle con- 
tained much greater radioactivity than the phosphocreatine, this must mean 
that the phosphate liberated by the hydrolysis of the phosphocreatine did 
not mix to any extent with the inorganic phosphate originally there and 
that resynthesis of phosphocreatine was accomplished, not from a mixed 
pool of “inorganic phosphates,”’ but from phosphates of lower radioactivity 
similar to that of the phosphocreatine originally hydrolyzed. 

The increased radioactivity of the inorganic phosphate found in some of 
the stimulated muscles might be due to the increased flow of blood produced 
by exercise, with the resultant inclusion of more of the highly active inor- 
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TaBLe IT 


Comparison of Radioactivity of Inorganic Phosphate of Plasma and Inorganic 
Phosphate and Phosphocreatine of Working and Resting Muscles 


Muscle 
Plasma I ; i 
inorganic norganic phosphate Phosphocreatine 
phosphate 
activity } Activity 
Left Right Activity, left Left Right 


| Left | Right | Left | Right 


Controls, no work; 90 min. between injection of P* and taking muscle samples 


me. P mg. P counts | mg. P mg. P counts counts per . 
per ceni* per 100 per 100  permg. | percent*® per 100 per 100 perms. perms fear pe ° 
em. em. P | gm. gm. P P cent cent 


649 34.9 | 33.4 497 | 94.5) 50.8 | 42.5 158 175 30.0 33.3 
515 | 75.4 55.6 54.0 253 262 37.0 38.4 
) 


1017 31.2 28.2 

1555 35.4 32.2 508 | 89.4) 48.8 51.5 132 22.0 | 23.6 
1326 34.2 32.5 579 97.6 37.5 38.8 

2072 32.6 37.0 475 114 50.9 47.2 167 170 40.2 41.0 
2117 25.3 31.4 231 124 51.1 60.6 57 53 30.5 28.3 
1038 26.4 28.7 303 105 $8.1 45.5 108 S5 37.4 | 29.4 


Left leg worked 1 min.; 90 min. between injection of P* and taking samplesf 


930 63.4 33.2 281 67.5 7.9 18.4 160 148 38.5 
S19 61.2 34.1 103 56.0 20.3 50.2 390 374 54.2 | 51.9 
1060 56.0 22.5 410 56.3 13.5 60.7 200) 309 39.9 

1525 4.4 28.4 415 64.4 | 26.3 54.2 159 175 2 
1446 63.5 25.9 224 64.4 11.1 61.9 124 117 3: 


Left leg worked 60 min; 75 min. between injection of P*? and taking samples} 
756 41.6 28.3 642 79.2 17.0 | 39.4 2] 
1120 63.2 | 25.9 | 519 61.0 8.1 13.5 22: 
977 49.5 36.1 O86 66.5 23.7 438.5 34 
664 42.0 19.4 1434 62.9 14.0 50.0 30 
596 66.3 24.0 435 33.2 11.0 48.1 
732 71.0 26.0 489 $5.2, 11.4 57.7 


3 164 26.3 20.2 
5 169 26.4 19.8 
5 301 23.3 20.3 
5 239 13.4 10.5 
Ss 129 13.6 9.8 
2 118 19.4 1 


7 
25 


* The radioactivity of the inorganic phosphate for each mg. of phosphorus of the 
resting muscle is considered as 100 per cent. 
t The left leg worked the 90th minute after injection of radioactive phosphate 
in the second group of experiments. 
t In the third group the left leg worked from the 15th to the 75th minute after 


injection. 


ganic phosphate of the plasma. The increase is surprisingly small com- 
pared with the great increase of the amount of blood flowing through 
working muscle. 

Repeated Short Periods of Work and Rest—-The muscles of the left hind 





ic 
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TaBe III 
Effect of One Period of Work Followed by Rest 
Time between Inorganic phosphate Phosphocreatine 
injection of ' - - —___—___— ——-—- -—- — 
ake Work Rest Activity,* | Activity* 
goin Left Right ° Left Right shinee 
samples mans | | Left | Right 
min. min min ee =e oe per cent ed | y kg per cent | per cent 
30 3 12 22.4 21.9 92 50.3 52.5 6.8 7.4 
112 3 12 42.5 19.0 51 33.9 47 .6 13.9 9.4 
116 3 12 30 .6 29.0 120 45.5 46.9 20.6 18.2 
60 12 3 22.7 29.7 118 53.9 54.2 20.6 20.7 
126 48 12 39.4 30.2 113 43.7 49.8 37.5 32.3 
1320 48 12 27.6 30.4 124 32.0 42.3 91.9 98.7 
65 55 5 28.0 26.5 111 44.5 45.6 10.6 9.4 
100 55 5 29.7 26.0 83 37.4 41.0 21.0 22.4 


* The radioactivity of the inorganic phosphate for each mg. of phosphorus of the 
resting muscle is considered as 100 per cent. The period of work of the left leg was 
performed so that the muscle at the end of the rest period was taken the indicated 
number of minutes after the injection of radioactive phosphate. 


TABLE IV 


Effect of Repeated Short Periods of Work and Rest 








Time between 


No. of repeated Inorganic phosphate Phosphocreatine 
injection of re 


periods of 


work and rest; 





P# and tak : pre Is 
“ 1 . work re Activity 
tn a and 4 min Left Right Activity,” Left Right weil sittin’ 
rest Left | Right 
min hot oe | MEE Le | per cont | MEE P| MEE S| per cont | per cont 
60 S 27.8 24.3 SS 44.7 58.7 14.3 11.4 
90 i) 34.9 26.4 78 42.0 51.8 38.4 41.4 
90 10 26.4 29.1 123 46.8 46.7 33.0 30.0 
180 6 28.9 27.0 90 47.5 43.2 49.6 42.8 
180 6 24.0 28.2 115 48.8 48.8 80.6 79.5 
275 6 26.6 31.6 105 42.5 39.1 52.8 67.7 
623 6 23.8 26.9 104 45.2 40.7 74.9 | 72.5 
1440 7 22.8 26.4 101 53.7 51.0 91.9 98.3 
5 min. work 
and 5 min. rest 
60t 34 83.6 43.0 56.5 8.1 26.9 20.4 18.4 
75 6 26.5 26.4 104 48.6 48.2 20.1 20.6 


* The radioactivity of the inorganic phosphate per mg. of phosphorus of the rest- 
ing muscle is considered as 100 per cent. The periods of work and rest of the left 
leg were performed the indicated number of times just prior to taking the samples 
of muscle at the indicated period after injection of radioactive phosphate. 

t The rat died during the period of stimulation. The observed findings are typical 
for working muscle. 
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legs of eight rats were stimulated to work for 1 minute and then were 
allowed to rest for 4 minutes. This combination of work and rest was re- 
peated six to ten times. In two additional rats combinations of 5 minutes 
of work followed by 5 minutes of rest were studied. Both the concentra- 
tions and activities of the phosphocreatine in the muscles which worked 
repeatedly were similar to those in the control resting muscles (Table IV), 
Thus even with repeated periods of work and rest, the repeated resynthesis 
of large amounts of phosphocreatine is accomplished from phosphates with 
radioactivity similar to that of the original phosphocreatine and adenosine 
triphosphate. None of the more radioactive “inorganic phosphate’ origi- 
nally pres: it in the muscle is used in this resynthesis of phosphocreatine, 


Comment 


The slowness with which the inorganic phosphate of muscle attains a 
radioactivity per mg. of phosphorus comparable to that of the plasma when 
P® is administered has been demonstrated previously. Thus Hevesy (10) 
reported that after 4 hours of continuous administration of P® to a rabbit 
the specific activity of the inorganic phosphate of the muscle was only 7.3 
per cent of that of the plasma while the specific activities of the organie 
phosphates were even lower. An understanding of the slow penetration of 
inorganic phosphate into muscle would require some knowledge of the loca- 
tion of this in the muscle. Lipmann (11) stated that according to experi- 
ments of Eggleton (12) and Fenn (13) the inorganic phosphate is to be 
found in the extracellular fluid of resting muscle; Hahn, Hevesy, and Rebbe 
(14) stated that the amount inside the cells is 60 times larger than that in 
the extracellular fluid, while Furehgott and Shorr (15), who studied cardiae 
muscle, suggested that 30 to 40 per cent of the inorganic phosphate is 
extracellular. 

The rate of penetration of labeled phosphate into the muscle was quite 
independent of the working process, in contrast to that of potassium, which 
has been studied by others. Thus Noonan, Fenn, and Haege (16) found 
a 5-fold increase of the rate of penetration of radioactive potassium into rat 
muscle during | hour of stimulation and Hahn and Hevesy (17) found a 
t-fold increase in the gastrocnemius of rats which swam for half an hour. 
An apparent decrease of radioactivity of the inorganic phosphate was found 
in the working muscles owing to dilution with phosphate hydrolyzed from 
the less radioactive organic compounds. As would be expected, the de- 
crease found at the rate of work used in our experiments was greater than 
that found by Sacks (4) after a short period of tetanic stimulation. 

Within the Ist minute of continuous work the phosphocreatine of the 
muscle is hydrolyzed so that less than 20 per cent of the amount found in 
resting muscle remains. This 20 per cent remains constant as long as work 
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is continued but is resynthesized to resting values again within 5 minutes 
of rest. If the working value is maintained by an equilibrium between 
hydrolysis and resynthesis, one might expect a more rapid incorporation of 
radioactive phosphocreatine during work. The radioactivity of the phos- 
phocreatine increased with time after administration of radioactive 
phosphate but the increase was similar in resting and working muscle. The 
slight increase found with work after 60 minutes is probably no more than 
should be expected with a slow diffusion gradually reaching equilibrium at 
the altered level imposed by the working process. However, this gives no 
indication of the extent of hydrolysis and resynthesis of the phosphocrea- 
tine, except that if resynthesis did occur, it must have been accomplished 
directly from the same phosphate produced by hydrolysis. 

That phosphocreatine is resynthesized from the products of its original 
hydrolysis is indicated by the fact that, after 80 per cent of the phospho- 
creatine has been hydrolyzed and resynthesized repeatedly by periods of 
work and rest, no greater radioactivity is found in the phosphocreatine of 
the exercised muscle than in the corresponding resting muscle. The 
amount of activity to be expected if the phosphate liberated from the 
phosphocreatine mixed with the inorganic phosphate and if the phosphate 
for resynthesis was taken from this mixed pool can be calculated roughly. 
For example in the first experiment in Table III there would have been 
about 40 mg. of phosphorus liberated from the phosphocreatine of 7.4 per 
cent activity and 10 mg. from the adenosine triphosphate of similar activity. 
If this were mixed with the 22 mg. of phosphorus of inorganic phosphate 
of 100 per cent activity, the pool of ‘inorganic phosphate” during the period 
of work would be 72 mg. with 35.6 per cent radioactivity. If subsequently 
40 mg. were taken from this pool for resynthesis of the phosphocreatine, the 
latter should then have had an activity of 30 per cent instead of 6.8 per 
cent as found. 

A study of adenosine triphosphate with radiophosphorus is in progress. 
The results indicate no marked increase in the conversion of labeled inor- 
ganic phosphate to adenosine triphosphate during work. With repeated 
periods of work and rest there is also no indication of increased radioactivity 
of the adenosine triphosphate. 

An interesting hypothesis has been proposed in recent years postulating 
a direct reaction of the phosphate from adenosine triphosphate with myo- 
sin, by which phosphorylation energy is transmitted directly to the contrac- 
tile (18-20) system. Engelhardt and Ljubimowa (21) first observed that 
myosin or a substance indistinguishable from it produces hydrolysis of 
adenosine triphosphate. Needham and others (22) then proposed a tenta- 
tive hypothesis for the manner in which the cellular structures might 
function in a phosphate transfer system. Millikan (23) described this as 
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“the most promising attempt yet made to bridge the yawning chasm 
between metabolic processes and changes in structural organization accom- 
panying activity.”” However, Kalckar (20) pointed out that no one hag 
yet shown any direct evidence for such coupling of hydrolysis of phosphate 
with myosin. It would seem that our results with radiophosphorus may 
have some bearing on this. If phosphorylation of myosin is of major 
importance, phosphocreatine probably adds more phosphate, since it is 
hydrolyzed earlier and in greater amounts than is adenosine triphosphate. 
The amount of energy for each mg. of phosphorus involved is similar with 
the two compounds. 

Our results indicate that the phosphate liberated by the hydrolysis of 
phosphocreatine and adenosine triphosphate as work begins does not mix 
to any appreciable extent with the labeled inorganic phosphate of the mus- 
cle and that this same phosphate (which has been split off from the creatine 
or other organic phosphates) is used for the rapid resynthesis of the phos- 
phocreatine when rest ensues. This suggests the possibility that the 
liberated phosphate may be bound chemically or separated physically in 
the muscle from the inorganic phosphate originally there prior to extraction 
with trichloroacetic acid. That it might be bound merely because of its 
acidic nature is questionable, since lactic acid formed simultaneously from 
glycogen largely diffuses out of the muscle within 20 minutes. The phos- 
phate might have some special function in relation to the contractile system, 
myosin, or it might be held to insure a rapid resynthesis of the phosphocrea- 
tine. In any case glycogen (24) is restored very slowly to a normal concen: 
tration when work is ended, whereas phosphocreatine is resynthesized 
within a few minutes. 


SUMMARY 


The penetration of labeled phosphate into muscle and its subsequent 
incorporation into the organic phosphates appear to go on at approximately 
the same rate in working as in resting muscles. If equilibrium, at the low 
level of phosphocreatine found in continuously working muscle, is main- 
tained by continuous hydrolysis and resynthesis of phosphocreatine, 
resynthesis must be accomplished directly from the products of hydrolysis. 

The increase of the inorganic phosphate, determined by extraction with 
trichloroacetic acid, of working muscle is due to the presence of phosphates 
released from the creatine, adenylic acid, and other organic phosphates by 
the processes of work. When the phosphates are labeled with radioactive 
phosphorus, it is evident that the phosphates released by hydrolysis of 
organic compounds do not mix to any appreciable extent with the more 
radioactive inorganic phosphate present in the muscle at the time of hy- 
drolysis. When phosphocreatine is hydrolyzed and resynthesized during 
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periods of work and rest, its radioactivity is not increased by resynthesis 
from any of the originally present inorganic phosphate, but is the same as 
that of the phosphocreatine of the resting muscle. The same phosphate 
split from the organic phosphates is used for the resynthesis of phosphocrea- 


tine. 


It is possible that the phosphates hydrolyzed from the organic 


phosphates produce phosphorylation .of myosin and that resynthesis is 
accompanied by dephosphorylation of myosin. 
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Soon after the introduction of sulfanilamide therapy, acidosis as an 
undesirable side reaction was reported. Southworth (1) observed clinical 
acidosis in two of 50 cases treated with the drug. In fifteen consecutive 
patients treated with sulfanilamide, all showed some decrease in CO»- 
combining power of the plasma with an average decrease of 14.1 volumes 
per cent. A short time later Basman and Perley (2) noted similar de- 
creases in the carbon dioxide content of the blood during sulfanilamide 
therapy. Mention was made that the urine was alkaline in such patients, 
although no data were given. Helmholz (3) also reported at this time 
that the administration of sulfanilamide usually produces an alkaline 
urine. Marshall, Cutting, and Emerson (4) observed blood findings which 
were interpreted as acidosis in three dogs. In these dogs quantities of 
sulfanilamide much above the therapeutic level were administered and 
the changes in blood pH were not consistent. Hartmann, Perley, and 
Barnett (5) observed in two normal subjects and in two patients that the 
secretion of an alkaline urine and a decrease in serum CO, content followed 
sulfanilamide administration. Inasmuch as the serum pH was slightly 
increased, the effect of sulfanilamide was interpreted as being an alkalosis 
resulting from primary hyperventilation. 

The present report describes experiments which were carried out with 
dogs to determine more fully the effect of sulfanilamide on the acid-base 
equilibrium. In these studies the effect of sulfanilamide alone was con- 
sidered, as well as the effect of sulfanilamide when disturbance of the 
acid-base equilibrium was produced by the administration of sodium 
citrate or ammonium chloride. 


Methods 


Adult female dogs were employed in all of the studies. The dogs were 
maintained on a diet of Purina dog biscuits. Blood samples were obtained 
from the jugular vein with minimum stasis and urine was obtained by 
catheterization. The blood was transferred under oil to special centrifuge 
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tubes and was centrifuged as soon as clotting occurred. The serum go 
obtained was employed for determination of CO, content (6), pH (7), 
chloride (8), inorganic phosphorus (9), protein (10), and total base (11), 
A separate portion of blood was placed in a bottle containing dry potassium 
oxalate and this was used for sulfanilamide determination (12). 


EXPERIMENTAL 

Administration of Sulfanilamide—The effects of a single dose of sul- 
fanilamide on the acid-base equilibrium are shown in Table I. These 
results were obtained in five dogs which received by stomach tube 0.12 
gm. of sulfanilamide per kilo of body weight. Samples of blood and 
urine were obtained during fasting, followed by blood samples at 1, 3, 


TABLE I 
Blood Studies Following Single Dose of Sulfanilamide 
Average results obtained with five dogs are reported. 0.12 gm. of sulfanilamide 


was administered per kilo of body weight. 


Control 1 hr. 3 hrs 6 hrs. 12 hrs 24 hrs. 
Blood sulfanilamide, mg. per 
100 ce. 0.0 13.0 11.7 9.9 7.5 3.2 
Serum pH 7.38 7.38 7.38 7.37 7.38 7.38 
** total base, m.eq. per l. .| 156.0 151.3 153.0 154.2 154.4 154.6 
‘* chloride, m.eq. per l. 112.7 108.9 110.4 109.9 109.9 110.3 
** bicarbonate, m.eq. perl. 23.0 21.9 21.4 21.4 22.4 22.5 
Base combined with protein, 
m.eq. per l. 15.0 13.9 14.3 13.8 14.2 13.2 
Base combined with phosphate, 
m.eq. per l. 3.1 2.9 3.0 3.3 3.1 3.6 
Undetermined acid, m.eq. pt rl 2.2 3.7 $.9 5.8 1S 5.0 
Urine pH 6.8 7.4 7.4 7.1 6.6 6.1 


6, 12, and 24 hours and urine samples at 3, 6, 12, and 24 hours after ad- 
ministration of sulfanilamide. The levels of blood sulfanilamide obtained 
after this amount of drug simulate those sought in clinical practice in the 
treatment of severe infections (13). No appreciable changes in serum pH 
were observed. The serum total base decreased by approximately 5 
milliequivalents per liter 1 hour after the sulfanilamide administration 
and then gradually returned toward the fasting level. Decreases in serum 
chloride and serum bicarbonate occurred, although these changes were 
quite small. Following the sulfanilamide the urine pH increased from 
6.8 to 7.4. 

Administration of Sulfanilamide and Alkali— In Table II the effect of 
administration of sodium citrate and sulfanilamide to normal fasting dogs 
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js presented. The plan of the experiment was similar to that described 
above. The quantity of sulfanilamide employed was the same (7.e. 
0.12 gm. per kilo of body weight) and the quantity of sodium citrate used 
was 0.60 gm. per kilo of body weight. In Table III studies on two of the 


TaBLe II 
Blood Studies Following Single Dose of Sulfanilamide and Sodium Citrate 
Average results obtained with three dogs are reported. 0.12 gm. of sulfanilamide 
and 0.6 gm. of sodium citrate were administered per kilo of body weight. 


Control 1 hr. 3 hrs. 6 hrs. i2hrs. | 24 hrs. 
Blood sulfanilamide, mg. per 
100 ce. 0.0 11.7 12.9 9.4 7.0 3.6 
Serum pH 7.38 7.41 7.41 7.39 7.41 7.38 
‘total base, m.eq. per l. 161.4 159.3 | 159.8 | 159.5 158.6 160.4 
* chloride, m.eq. per l. 112.3 111.6 109.1 106.2 | 110.2 | 112.3 
‘bicarbonate, m.eqg. per l.| 22.6 24.5 26.2 26.5 24.8 23.0 
Base combined with protein, 
m.eq. per l.. 14.5 13.7 13.2 13.2 13.4 13.3 
Base combined with phosphate, 
m.eq. per l. 2.9 3.0 2.7 2.8 2.7 3.0 
Undetermined acid, m.eq. perl. 9.1 6.5 8.6 10.8 7.5 8.8 
7.8 8.1 8.0 6.5 


Urine pH 6.8 
Tasie III 
Blood Studies Following Single Dose of Sodium Citrate 


Average results obtained with two dogs are reported. 0.60 gm. of sodium citrate 
was administered per kilo of body weight. 


Control 1 hr. 3 hrs. 6 hrs. 12 hrs. 24 hrs. 
Serum pH 7.41 7.52 7.54 7.50 7.47 7.42 
total base, m.eq. per l. 161.1 157.1 157.9 | 156.7 157.2 | 159.0 
“* chloride, m.eq. per l. 113.5 106.5 104.2 106.4 | 108.5 | 110.3 
** bicarbonate, m.eq. perl. 26.2 29.6 30.9 30.3 28.7 26.6 
Base combined with protein, 
m.eq. per l. 14.1 | 13.8 | 13.5 | 12.8 | 12.5 | 12.5 
Base combined with phosphate, 
meg. por I. 22 | 2.1 2.3 2.3 2.1 2.4 
Undetermined acid, m.eq. perl. 5.1 5.1 7.0 4.9 5.4 7.2 
Urine pH 6.9 7.7 7.7 7.7 7.3 


same dogs in which the same amount of sodium citrate alone was ad- 
ministered are shown. The level of blood sulfanilamide attained after 
sulfanilamide and sodium citrate was quite similar to that with sulfanilamide 
alone. The average serum pH after sodium citrate showed a maximum 


gas) 


re =. 


ae ee 


i Se 











170 SULFANILAMIDE AND ACID-BASE BALANCE 


increase of 0.13, whereas after sulfanilamide and sodium citrate the serum 
pH increased by only 0.03. The average increase in serum pH for the 
1, 3, and 6 hour samples was 0.11 after sodium citrate and 0.02 after sodium 
citrate and sulfanilamide. The serum bicarbonate after sodium citrate 
showed a maximum elevation of 4.7 milliequivalents per liter and an eleya- 
tion of 3.9 milliequivalents per liter after a combination of sulfanilamide 
and sodium citrate. After either sulfanilamide and sodium citrate or 
sodium citrate alone the urine pH was increased, with the increase being 
slightly greater after ingestion of a combination of sulfanilamide and 
sodium citrate. 

Administration of Sulfanilamide and Ammonium Chloride—In Table 
IV the effect of administration of ammonium chloride and sulfanilamide 


TaBLe IV 
Blood Studies Following Single Dose of Sulfanilamide and Ammonium Chloride 


Average results obtained with three dogs are reported. 0.12 gm. of sulfanilamide 
and 0.37 gm. of ammonium chloride were administered per kilo of body weight. 


Control 1 hr 3 hrs 6 hr 12 hrs 24 hrs. 

Blood sulfanilamide, mg. per 
100 ce. J, 0.0 8.6 10.0 9.7 5.7 2.6 
Serum pH 7.35 7.22 7.22 7.23 7.29 7.31 
‘* total base, m.eq. per l. 154.3 149.3 149.4 148.7 149.3 154.6 
** chloride, m.eq. per l. 108.3 113.7 116.3 116.2 114.7 113.9 
‘* bicarbonate, m.eq. perl. 20.7 12.2 11.9 12.1 13.7 16.9 


Base combined with protein, 
m.eq. per l. 17.0 15.0 15.2 15.4 15.0 15.0 
Base combined with phosphate, 


m.eq. per l. 3.0 2.8 3.1 3.4 3.1 3.3 
Undetermined acid, m.eq. per /. 5.3 5.6 2.9 1.6 23 5.5 
Urine pH 5.4 5.1 5.2 5 5.5 


to normal fasting dogs is presented. These experiments were similar to 
the preceding ones and involved the administration of the same amount of 
sulfanilamide. The quantity of ammonium chloride given was 0.37 gm. 
per kilo of body weight. On metabolism this amount of ammonium 
chloride yields a number of milliequivalents of acid that is equal to the 
number of milliequivalents of alkali that the sodium citrate yields on 
metabolism. In Table V are shown the results of administration of the 
same amount of ammonium chloride alone to the same three dogs. The 
level of blood sulfanilamide attained after dosage with sulfanilamide and 
ammonium chloride was slightly less than the blood level attained after 
dosage with sulfanilamide alone or with sulfanilamide and sodium citrate. 
The serum pH after sulfanilamide and ammonium chloride decreased by 
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0.13, whereas with ammonium chloride alone the maximum decrease was 
0.09. The average decrease in serum pH for the 1, 3, and 6 hour samples 
amounts to 0.13 after ammonium chloride and sulfanilamide and is 0.07 
after ammonium chloride alone. Serum bicarbonate fell by 8.8 milli- 
equivalents per liter after sulfanilamide and ammonium chloride and 7.6 
milliequivalents per liter after ammonium chloride alone. Urine pif 
after either ammonium chloride or ammonium chloride and sulfanilamide 
was rendered quite acid. 

Control Studies—Since a considerable volume of blood was withdrawn 
in order to carry out the several analyses, two sham experiments were 
performed. In these experiments blood and urine were taken in the same 
manner as in the preceding studies and distilled water was given by stomach 


TABLE V 
Blood Studies Following Single Dose of Ammonium Chloride 
Average results obtained with three dogs are reported. 0.37 gm. of ammonium 
chloride was administered per kilo of body weight. 


Control 1 hr. 3 hrs. 6 hrs. 12 hrs. 24 hrs. 


| ee - 7.35 7.26 7.28 7.29 7.32 7.33 
total base, m.eq. per l. 156.7 154.6 | 154.1 151.5 | 149.9 | 151.8 
“chloride, m.eq. per l. 110.3 116.7 118.3 118.5 115.3 113.8 


‘* bicarbonate, m.eq. perl. 22.2 15.3 15.0 14.6 15.8 17.9 
Base combined with protein, 


m.eq. per l. 15.7 14.9 15.0 14.6 14.6 14.5 
Base combined with phosphate, 

m.eq. per l. 3.1 2.9 3.2 3.4 2.9 | 3.0 
Undetermined acid, m.eq. perl. 5.4 4.8 2.6 0.4 1.3 2.6 
Urine pH...... 5.8 5.3 5.1 5.5 5.3 


tube. The same analyses were made on the blood but no significant 
variation was observed in any of the constituents studied. 


DISCUSSION 

The results of these experiments indicate that the effect of sulfanilamide 
on the acid-base equilibrium of the dog is not marked. These findings 
are in disagreement with the conclusions of Marshall, Cutting, and Emer- 
son (4). However, the studies of Marshall and his associates involved 
dosage with amounts of the drug sufficient to cause marked dysfunction 
of the gastrointestinal tract and of the respiratory system. 

A considerable amount of speculation has appeared regarding the effect 
of sulfanilamide on the acid-base balance. Mann and Keilin (14) found 
that sulfanilamide had a specific effect of inhibiting carbonic anhydrase, 
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the enzyme which plays an important réle in carbon dioxide transfer, 
Since this observation of the effect of sulfanilamide on carbonic anhydrase, 
attempts have been made to prove or disprove the réle of this enzyme in 
the changes in the acid-base balance of the body which occasionally result 
following sulfanilamide therapy (15). However, most of these attempts 
Wve proved unsuccessful and this can in part be explained by the fact 
that compensatory changes in respiration and renal activity tend to com- 
plicate the picture. 

In the experiments in which sodium citrate was given alone, the serum 
pH increased by 0.13, whereas when sulfanilamide was given along with 
the sodium citrate the pH increased by only 0.03, although the rise in 
serum bicarbonate was similar in the two experiments. The average 
increase in pH for the 1, 3, and 6 hour samples was 0.11 after sodium citrate 
alone, whereas when sulfanilamide was given along with the sodium citrate 
the average increase in serum pH in the corresponding samples was only 
0.02. When the method of Fisher (16) was used for the determination 
of ‘the significance of the difference of the means of small samples,” the 
difference in pH change (after sodium citrate as compared with that after 
sodium citrate and sulfanilamide) was statistically significant, whereas 
the difference in bicarbonate change was not statistically significant. 
These findings lend support to the supposition that carbonic anhydrase is 
inactivated by sulfanilamide in vivo, since a loss of carbonic anhydrase 
activity would result in an increased accumulation of carbonic acid. This 
excess of carbonic acid prevents an increase in pH, even though the bi- 
carbonate is increased. 

In the experiments in which ammonium chloride was given alone the 
average decrease in serum pH in the 1, 3, and 6 hour samples was 0.07, 
whereas when sulfanilamide was given along with the same quantity of 
ammonium chloride the average decrease in serum pH in the correspond- 
ing samples amounted to 0.13. The average serum bicarbonate decrease 
in the corresponding samples was 8.8 milliequivalents per liter with am- 
monium chloride and sulfanilamide and 7.6 milliequivalents per liter after 
ammonium chloride alone. The difference in pH change was statistically 
significant by the method of Fisher (16) for the determination of “the 
significance of the difference of the means of small samples,’’ whereas the 
difference in bicarbonate change was not statistically significant. The 
bicarbonate of the plasma is considered the first line of defense against 
acid, since acid will react with bicarbonate to form carbonic acid which 
dissociates as the blood passes through the lungs and gives rise to CO, 
and HO. This breakdown of carbonic acid to carbon dioxide and water 
is catalyzed by carbonic anhydrase. Therefore, if carbonic anhydrase 
activity is decreased by sulfanilamide, more carbonic acid would remain 





oe rm - se 


— 











FREE, DAVIES, AND MYERS 173 


in the blood, with a resultant decrease of serum pH. The fact that the 
serum pH is decreased more by ammonium chloride accompanied by 
sulfanilamide than by the same amount of ammonium chloride alone, 
whereas the serum bicarbonate changes are approximately the same, also 
suggests an in vivo inactivation of carbonic anhydrase by sulfanilamide. 

Although both the acid and alkali experiments with sulfanilamide are 
consistent with an inactivation of carbonic anhydrase, these experiments 
do not conclusively prove the point, since primary alteration in pulmonary 
ventilation could have affected the changes observed. 


SUMMARY 


Studies of the acid-base equilibrium of normal dogs following adminis- 
tration of sulfanilamide are reported. Therapeutic quantities of this 
compound do not cause marked changes in the acid-base equilibrium in 
the dog. 

Similar studies in which sodium citrate or ammonium chloride were 
given alone or along with sulfanilamide indicated that sulfanilamide pre- 
vented any increase in serum pH when given with alkali (sodium citrate) 
but that the decrease in serum pH after acid (ammonium chloride) was 
accentuated by sulfanilamide. These findings lend support to the inac- 
tivation of carbonic anhydrase by sulfanilamide in vivo. 
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That the intestine throughout its length adjusts the reaction of its con- 
tents to fit a definite pattern has been amply demonstrated in several 
species of animals (2-6). The present report deals with the acid-base 
alteration by which this adjustment is accomplished in dogs. 

Average values for pH, bicarbonate, and CO, tension in a number of 
loops in various sections of the intestines have been calculated from a rather 
extensive series of measurements. The changes during the adjustment of 
higher or lower initial values to those characteristic of the portion of the 
gut involved have been followed in several cases. Finally, the effects of 
ammonium chloride acidosis and sodium bicarbonate alkalosis on the final 
values were studied. 

The experimental procedure and methods of analysis have been de- 
scribed in previous publications (7). Samples were collected under oil and 
the CO, content determined by the manometric method of Van Slyke and 
Neill (8). The bicarbonate content and CO, tension were calculated as 
outlined by McGee and Hastings (2). 

As in previous investigations (7) acid and alkaline solutions of CaCl, 
hypo- and hypertonic with respect to blood, were used. They had the 
following approximate compositions: Solution I, hypotonic, acid, 150 
milliequivalents of CaCl, per liter, pH 4.5; Solution II, hypertonic, acid, 
400 milliequivalents of CaCl, per liter, pH 4.5; Solution III, hypotonic, 
alkaline, 150 milliequivalents of CaCl, per liter, pH 7.3; Solution IV, hyper- 
tonic, alkaline, 400 milliequivalents of CaCl, per liter, pH 7.3. They were 
circulated through the intestinal loops for 3 hours except in the experiments 
used to compile Fig. 1. Observations on human subjects were made by 
the Miller-Abbott intubation technique. 


Results 


Table I shows the mean values of pHs», pCO2, and HCO; for five jejunal 
and four ileal loops in normal dogs. The sequence is the same as that in a 


* Aided by grants to the Vanderbilt University School of Medicine from the Divi- 
sion of Medical Sciences of the Rockefeller Foundation and the Bristol-Myers Com- 
pany. 
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Fig. 1. Changes in composition of solution with time. Points A, B,C, D, and £ 
represent samples taken at 15, 30, 60, 120, and 180 minutes respectively. Points B,C, 
and D are usually not labeled. The figures on the curves represent the experiment 
numbers. The ordinate scale represents mm of HCQO,; the abscissa, mm. of CO, 


tension. 
TABLe I 
Acid-Base Relationships in Jejunum and Ileum 
: No. of ali > rob: Probable 
Dog No. | Teration | ccpen: ptta gy FrO¥ble waco, |, Probable | pco, | Crror a 
mM mu mm mm. r 
D-1 | Jejunum 5 6.13 +0 .0262 2.56 +0.3040 69.8 +6.18 
2 ws 14 6.55 | 40.0244 2.93 | 40.2452 | 48.2 | 45.15 
1 . 12 6.86 +0.0195 3.82 | 40.1870 | 20.3 | 41.48 
7 : 32 6.90 +0.0185 5.30 | 40.1943 | 28.2  +1.54 
8 ™ 20 6.94 +0.0111 4.40 +0.1932 21.5 +0.93 
6 lleum 15 7.14 +0.0220 10.07 =+0.4460 28.8 +2.24 
9 5 8 7.24 +0.0494 17.61 +1.5650 44.8 +2.68 
3 n 13 6.91 +0.0310 10.39 +0.7560 45.6 +2.01 
4 " 12 6.78 | +0.0459 4.11 | 40.3272 | 23.2 +1.29 
Human) Jejunum 9 6.63  +0.0017 3.26 +0.1900 31.5 +2.94 


single intestine; viz., a rise in pH to a maximum value in the ileum with a 
subsequent fall at the ileocecal valve. That these loops actually did follow 
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this sequence is not known, since the exact location of a loop can be deter- 
mined only on autopsy and several of these dogs are still in use. It can be 
stated, however, that they were in either the jejunum or ileum as indicated 
and that in Dogs 3 and 4 they were just above the ileocecal valve. 

These means include values for all four solutions, since a statistical exam- 


TaB_e II 
Composition of Blood of Dog 8 





Plasma CO, acidotic dog Plasma COs, alkalotic dog 


| 
Solution | Experi- NH.Cl — | NaHCOs | ______________ 





No. j|ment No.| — | Before | Start of End of —- Before | Start of | End of 
} } experi- exper i- experi- experi- experi- | experi- 
ment ment | ment ment ment | ment 
gm. m.eq. meq. | meg. | gm. m.eq. m.eq. m.eq. 

a a2-T°6@ 27.00 | 17.04 | 18.32 | 3 | 23.40 | 34.20 | 35.10 
Ss | | 17.88 | 19.48 | 3 21.60 | 34.20 | 31.50 
3 6 24.68 | 21.18 18.06 3 32.23 | 33.68 
4 | 6 13.70 | 12.43 3 35.08 | 37.20 
5 | 4 15.17 | 16.33 | 38 37.80 | 36.00 
“a 16.40 | 17.83 3 40.47 | 38.40 
ll , yea 25.20 | 14.65 | 16.14 2 | 24.73 | 35.10 | 33.29 
2 i 14.63 | 14.28 3 25.63 | 36.90 | 35.60 
3 4 15.90 | 16.63 3 27.30 | 45.05 | 30.15 
4 5 16.909 | 16.30 | 4 24.52 | 39.62 | 41.03 
5 5 27.02 | 18.45 | 17.52 | 4 20.25 | 28.37 | 23.70 
6 3 13.18 | 12.82 15 22.50 | 32.08 | 32.52 
Ill l 6 12.43 | 12.03 15 | 
2 5 14.24 | 14.53 | 15 23.86 | 38.90 | 37.72 
3 6 27.52 | 17.97 | 16.58 | 15 24.73 | 39.70 | 40.16 
4 5 18.92 | 19.41 15 27.43 | 40.20 | 38.70 
5 6 17.30 | 17.54 15 36.03 | 29.36 
6 6 18.00 | 17.76 | 15 
IV 1 7 12.31 | 13.9 | 16 38.70 | 40.93 
2 6 14.17 | 13.23 15 25.98 | 36.50 | 39.30 
3 6 15.12 | 14.54 | 15 
4 9 12.68 | 13.23 18 
5 7 15.03 | 15.62 | 17 | 
6 6 15.07 | 14.85 | 17 | | 


ination showed that in normal animals there is no significant difference 
between such values. 

Berk, Thomas, and Rehfuss (1) found that the over-all pH of the stomach 
of fasting dogs was less than that of the stomachs of fasting humans but 
that the reactions of the duodenal bulbs were the same. Apparently the 
similarity continues into the jejunum. Our pH measurements on dogs 
agree with those of McGee and Hastings and our own on humans. These 
last authors studied pure jejunal juice, while we used solutions and our 
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180 PH IN SMALL INTESTINE 


results reflect the effect of dilution. Hence, our figures for CO, tension and 
HCO; in dogs and humans are lower than theirs but our values for dogs 
are of the same magnitude as those for our human subjects. 

The figures seem to indicate that the increase in pH in the jejunum is due 
to combined decrease in CO, tension and increase in bicarbonate. In the 
ileum the picture abruptly changes and the ileal loops, with the exception 
of the last one, show a relatively high HCO; with pCO, values of average 
magnitude. 

McGee and Hastings have made the suggestion that there are cells in the 
intestine that can secrete acid and others that can secrete base. If this is 
correct, it appears from our figures that the high pH in the ileum is due toan 
increased secretion of base. 

Fig. 1 illustrates the progress of adjustment of acid and alkaline solu- 
tions to the composition characteristic of the individual loops. 

As has been pointed out previously (7), the pH of alkaline solutions 
introduced into loops is promptly reduced to acid levels and then is raised 
to the final value. The initial step takes place so rapidly that the acid-base 
changes are difficult to follow. Fig. 1 shows that in the changes subse- 
quent to this initial phase there is no consistent difference between solutions 
acid and alkaline to start with. In two experiments with alkaline CaCl, 
solutions, Experiments 3272 and 794,' and in an experiment with normal 
NaCl solution (not shown in Fig. 1) the pH values were going down when 
the first observations were made. The graphs reveal a pronounced rise in 
pCO, during this first phase. The subsequent rise in pH is accomplished 
by a rise in HCQs. 

Two explanations are offered for the sharp decrease in the pH of alkaline 
solutions to values below the equilibrium ones: (1) gaseous CO, may diffuse 
more rapidly through the intestinal wall than does bicarbonate, thus caus- 
ing a temporary accumulation which is later neutralized as base comes in; 
(2) if the suggestion of McGee and Hastings is correct, the relative amounts 
of acid and base secreted by the intestine may cause temporary alterations 
in the pH. 

Table II gives the data on the composition of blood of Dog 8 which was 
made acidotic with NH,ClI and alkalotic with NaHCO;. The changes in 
composition of solutions under this treatment were compared with those in 
the untreated animals in Table III. A statistical analysis of these figures 
shows that in the untreated animal there is no significant difference in the 
final pH of a solution because of its initial concentration or pH. Any 
attendant differences in HCO, or pCO: are due to chance. The same ap- 

The CO, determination for the 30 minute sample was lost; so pCO, and HCO; 
could not be calculated. The pH value for this sample was 5.8, the original solution 
having a pH of 7.2. 
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pears to be true of the acidotic state. On the other hand, alkalosis causes 
significant increases in the final pH in comparison with the normal and 
acidotic states of all solutions except the hypertonic acid ones. The high 
pH values were due to increased HCOs, the tension remaining within the 
normal range. In the case of the hypertonic acid solutions the increased 
HCO; was counterbalanced by a large increase in CO, tension which re- 
sulted ina normal pH. McGee and Hastings observed that human jejunal 
juice maintains a constant tension when HCl or NaHCO, is introduced 
into the gut. A similar situation seems to exist in intestinal contents 
(except as noted) when the blood itself is made acidotic or alkalotic. 

The observation that ammonium chloride acidosis produces no change in 
the reaction of intestinal contents is of interest because of its supposed aid 
in the absorption of calcium. If it has such an effect, it obviously is not 
because it makes the intestine more acid. 


SUMMARY 


Studies of the acid-base conditions in intestinal contents indicate that 
the progressive increase in pH throughout the jejunum is due to a com- 
bined increase in bicarbonate and decrease in CO, tension. The high 
values in the ileum are due to increased bicarbonate. 

The sharp drop in pH of alkaline solutions introduced into the intestine 
is due to a relatively rapid influx of CO,. Subsequent formation of bi- 
carbonate returns the values to the equilibrium point. 

Ammonium chloride acidosis causes no significant alteration in the reac- 
tion of intestinal contents, and hence does not increase calcium absorption 
by increasing the acidity of the solutions in the gut. Bicarbonate alkalosis, 
on the other hand, produces a rise in pH. 

The reaction of the human jejunum is the same as that of the dog. 


We are indebted to the Department of Surgery, Vanderbilt University 
School of Medicine, for the preparation of intestinal loops. 
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A GROWTH STIMULANT FOR LACTOBACILLUS CASEI 


By MAXWELL A. POLLACK* anp MANFRED LINDNERf 


(From the Clayton Research Foundation and the Biochemical Institute, The University 
of Texas, Austin) 


(Received for publication, November 9, 1942) 


In studies with Lactobacillus casei, it was observed that a striking stimu- 
lation in growth resulted when natural extracts were added to a medium 
which contained all the known essential growth factors for this organism. 
This effect was observed in short term growth tests (14 to 16 hours), and 
practically disappeared in a 3 day test. There was, apparently, an un- 
known substance or substances capable of stimulating the growth of Lacto- 
bacillus casei in the early stages. Since it has become necessary for us 
to discontinue this project indefinitely, the preliminary work on the nature 
of the stimulant is reported at this time. 

Medium—1 liter of the basal medium contained 200 y each of calcium 
pantothenate, riboflavin, nicotinic acid, pyridoxine, and thiamine, 0.5 y 
of biotin, 200 mg. units of folic acid, 5 mg. of inositol, 20 mg. each of adenine 
sulfate, guanine hydrochloride, uracil, and xanthine, 10 gm. of Difco 
technical Casamino acids, 200 mg. each of tryptophane and cystine, 12 gm. 
of sodium acetate, 20 gm. of glucose, 1 gm. each of potassium mono- and 
dihydrogen phosphates, 0.4 gm. of magnesium sulfate heptahydrate, and 
0.02 gm. each of sodium chloride, ferrous sulfate heptahydrate, and man- 
ganous sulfate monohydrate. The pH was adjusted to 6.7 before use. 


Assay Method 


Aqueous solutions to be tested for growth activity were placed in 2 X 10 
em. test-tubes, and the volumes made up to 2.5 ce. with distilled water. 
To each of these tubes were then added 2.5 cc. of the medium. The tubes 
were plugged with cotton, autoclaved at 15 pounds pressure for 15 minutes, 
and cooled. To each of the tubes was then added 1 drop of a light saline 
suspension of Lactobacillus casei, which had previously been grown for 
24 hours in the inoculum of Pennington, Snell, and Williams (1). The 
inoculated tubes were incubated in an oven at 37° for 14 to 16 hours and 
the extent of growth was determined quantitatively by measuring the 
turbidities of the resulting cultures in the Williams thermoelectric turbi- 
dimeter (2). It is probable that the production of lactic acid could also 
be used. In 15 to 21 hours, the addition of 400 y of peptone led to the 


* Present address, E. F. Drew and Company, Inc., Boonton, New Jersey. 
t Present address, Columbia University, New York. 
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production of almost twice as much acid as there was in the blanks. In 69 
hours, there was no difference in this respect between the tubes containing 
peptone and the blanks. 


Results 


Many plant and animal tissue extracts were found to produce increased 
growth over the blanks in this test, although considerable variation in 
relative effect was observed. In the work reported here, Wilson’s bacteri- 
ologic peptone was used as the source of the growth factor. The effect of 
graded additions of this peptone on the growth of the test organism is 
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Fig. 1. Effect of graded additions of peptone on the growth of the test organism 


shown in Fig. 1. All test solutions were compared with a peptone ‘‘stand- 
ard”’ which was always run at the same time. 

To determine whether the effect could be due to deficiencies of known 
materials, a number of tests were run. Doubling and tripling the content 
of the B vitamins led to no increase in growth over that in the blanks, 
indicating the sufficiency of the basal medium in this respect. 

The following compounds were found to be without effect when tested 
individually: glycine, /-alanine, /-leucine, dl-isoleucine, l-aspartic acid, 
l-glutamiec acid, di-valine, /-histidine, /-tryptophane, /-proline, /-hydroxy- 
proline, dl-serine, dl-threonine, l-tyrosine, l-cystine, dl-methionine, dl-s- 
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phenylalanine, /-lysine, l-arginine, /-asparagine, ornithine, dl-a-amino-n- 
butyric acid, a-aminoisobutyric acid, B-amino-n-butyric acid, dl-a-amino- 
n-caproic acid, hydroxylysine, e-amino-n-caproic acid, dl-a-aminocaprylic 
acid, dl-a-amino-a-methylbutyrie acid, dl-a-amino-n-butyrie acid, dl-é- 
amino-n-valeric acid, d-glucosamine, glutathione, creatine, creatinine, 
acetylcholine, choline, ethanolamine, pimelic acid, glycolic acid, raffinose, 
arabinose, melibiose, galactose, ascorbic acid, fucose, maltose, mannitol, 
mannose, pyrazinemonocarboxylic acid, pyrazinedicarboxylic acid, p- 
aminobenzoic acid, thiochrome, indolylbutyric acid. 

A mixture of the first twenty amino acids produced a slight stimulation 
in growth, equivalent to approximately 5 per cent of the response exhibited 
by a like quantity of peptone. 

Of all the pure chemicals tested, glutamine was the only one to give a 
strong growth response. It was about 5 to 10 times as potent on an equal 
weight basis as Wilson’s peptone, which would indicate that, if glutamine 
were the active ingredient, it must comprise 10 to 20 per cent of the latter. 
However, glutamine was much more readily hydrolyzed than the peptone 
factor, and Feeney and Strong (3) have shown that glutamine produces a 
strong growth effect in a medium containing a large amount of alkali- 
treated peptone. We have found that mild alkali treatment (as in the 
preparation of the peptone for the Feeney-Strong medium) does not destroy 
the peptone factor, and, since glutamine has thus been shown to produce a 
strong effect which the peptone factor cannot duplicate, the non-identity 
of the two is fairly well established. ‘To confirm this point, the work of 
Feeney and Strong was repeated and extended. A medium similar to 
theirs was constructed, with Wilson’s peptone. In the presence of excess 
pantothenic acid, glutamine gave a strong growth response over the blanks 
in a 14 hour growth test, whereas the addition of peptone was without 
effect. 

It is probable further that the peptone factor is not a peptide of 
glutamine, for a sample of peptone which was hydrolyzed in the presence 
of a mixture of proteolytic enzymes (caroid, clarase, trypsin, and polidase) 
also failed to give the glutamine growth response in the Feeney-Strong test. 
This indicates that no free glutamine was formed by enzymatic hydrolysis 
of the peptone, although the possibility remains that glutamine may have 
been formed and been hydrolyzed further to glutamic acid, which would 
be inactive in this test. 

Other investigators have obtained evidence for additional factors in 
natural extracts stimulating the growth of Lactobacillus casei (4-8), but, 
since these effects were all observed in basal media containing considerable 
amounts of peptone, it is evident that the responsible stimulants are dif- 
ferent from the peptone factor described here. 
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Nature of Growth Factor—The factor appears to be fairly stable in neutral 
or weakly acidic or alkaline solutions. No destruction occurred on heating 
at 100° for 2 hours within a pH range from about 2 to 11. At pH 12 or 
higher under these conditions, a 50 per cent loss in activity occurred, which 
may indicate racemization. Strong acid is very destructive, most of the 
activity disappearing when the peptone was heated in 0.7 N or stronger 
sulfuric acid solution. Attempts to esterify the factor by heating in 
alcoholic hydrogen chloride or sulfuric acid were without avail, owing to 
the extensive destruction which occurred. 

Extraction of the solid peptone with methanol, ethanol, acetic acid, 
pyridine, aniline, and mixtures of these with water did not yield any ex- 
tracts which were more potent than the original peptone. 

Studies of the tendency of the factor to migrate towards the electrodes 
in an electrolytic arrangement (9) indicated that it contained both acidic 
and basic groups. The greatest concentrations were found in the cups 
which were in the pH range from 3.5 to 4.5, indicating an isoelectric point 
in that region. 

It is probable that the factor does not contain any peptide linkages, for 
no increase or loss in activity was observed on hydrolyzing a sample of 
peptone in the presence of a mixture of proteolytic enzymes (caroid, clarase, 
trypsin, and polidase). 

One of the outstanding characteristics of the factor was its resistance to 
adsorption. No, or very little, selective adsorption was observed when 
aqueous solutions of peptone were shaken with 25 per cent of the solids 
weight of activated alumina, Darco G-60 charcoal, silica gel, titania, benton- 
ite, or montmorillonite. Varying the pH from 3.0 to 8.0 or heating at 
100° or both had only small effects. The adsorption on charcoal was not 
appreciably greater when methanol was used as the solvent. By using 
large amounts of charcoal (300 per cent of the solids weight), approximately 
70 per cent of the activity could be removed from an aqueous solution at 
its natural pH, but 60 per cent of the total solids was also removed, thus 
again showing only slight differential adsorption. Elution of this charcoal 
adsorbate has not yet been studied, and it is possible that preferential 
elution may be effected. 

Partial precipitation of the activity was observed when aqueous solutions 
were treated with various heavy metal salts. Mercury and silver in 
alkaline media appeared to be the most effective precipitants. The factor 
was not precipitated by phosphotungstic acid, picric acid, or nucleic acid. 
Flavianic acid was more effective, but the precipitation was not selective, 
and the potency of the precipitated matter was not higher than that of the 
solids in the filtrate. 

On the assumption that the factor might contain a carboxylic acid 
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function, the procedure for the preparation of the brucine salt was fol- 
lowed, and the dry solid extracted with chloroform and ethanol. Only 
small amounts of activity were extracted and no concentration was effected. 


SUMMARY 


1. The presence in natural extracts of a substance of unknown nature 
which stimulates the early growth of Lactobacillus casei is demonstrated. 

2. The properties of the growth factor indicate it to be very water- 
soluble, and not very soluble in organic solvents. It is stable in weakly 
acidic or alkaline solutions, but is destroyed by strong acid or alkali. It 
is probably not a peptide and appears to be amphoteric, with an isoelectric 
point in the pH region from 3.5 to 4.5. It is very resistant to adsorption 
and is partially precipitated by flavianic acid and heavy metals. 


We wish to thank Miss Jean Taylor for her assistance. 
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THE ABSORPTION AND RETENTION BY DOGS OF SINGLE 
MASSIVE DOSES OF VARIOUS FORMS OF VITAMIN D* 


By AGNES FAY MORGAN anp NOBUKO SHIMOTORI 
(From the Laboratory of Home Economics, University of California, Berkeley) 


(Received for publication, October 10, 1942) 


In a previous study (1), it was found that large amounts of vitamin D 
as delsterol (presumably vitamin D;) caused greater damage in rats fed 
varying amounts of Ca, P, and vitamin A than did corresponding excessive 
amounts of vitamin D as irradiated ergosterol or calciferol (vitamin D,). 
However, the rats later relieved of excess delsterol recovered growth more 
rapidly and presented better condition in both the soft tissues and the 
bones than did the rats relieved of the corresponding excess of vitamin 
D,. These notes on the progress of, and the recovery from, vitamin D 
hypervitaminosis suggested the view that irradiated animal sterol, vitamin 
D; as delsterol, may be more rapidly and completely absorbed than the 
irradiated plant ergosterol or calciferol, vitamin Ds», and is likewise more 
rapidly and completely excreted. The present study was undertaken to 
determine whether such differences in absorption, excretion, and retention 
could be detected when vitamin D from various sources was given. One 
moderately large dose of vitamin D in the form of irradiated ergosterol, 
activated cholesterol (delsterol), or tuna liver oil was given orally to dogs 
and the presence of the vitamin was followed in the blood and the feces as 
well as its effect on serum calcium for 180 days. These dogs were later 
given a single massive dose, 200,000 v.s.P. units per kilo of body weight of 
irradiated ergosterol and delsterol respectively, and after 3 days were 
sacrificed and their tissues examined for vitamin D content. 


EXPERIMENTAL 


Three pure bred cocker spaniel dogs of the same litter, born in the lab- 
oratory colony, were weaned when | month old and placed on the following 
diet: granulated sugar 20.9, corn-starch 8.4, raw casein 45.8, fat 10.0, Salts 
5 (2) 2.4, CaCO ; 1.5, wheat germ 5.0, brewers’ veast 6.0 per cent. This 
diet, which is the stock diet for the colony, provided approximately 40 
per cent protein, 0.96 per cent Ca, and 0.74 per cent P and, supplemented 
by the fat-soluble vitamins, was apparently adequate in all respects for 
the growth of these animals. 

The dogs were kept in individual metabolism cages in the laboratory 

* Assistance in this study was rendered by the Works Progress Administration, 
Unit A24 (0803-1895-S-1). 
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during the entire period of their lives, 12 to 14 months. They were never 
exposed to direct sunlight. 

At first 50 gm. of dry food daily per kilo of body weight were fed and the 
amount decreased with diminishing needs and appetite of the animals to 
30 gm. after 4 months and to 25 gm. per kilo after 7 months. During the 
Ist month after they were weaned the dogs received 1 gm. of cod liver oil 
per kilo of body weight per day and sufficient shark liver oil to supply an 
additional 800 units of vitamin A per kilo per day. The cod liver oil was 
removed when the dogs were approximately 2 months old, and the vitamin 
A continued in the form of diluted shark liver oil at the same level of 800 
units per kilo per day. This amount of shark liver oil supplied negligible 
amounts of vitamin D (0.05 v.s.p. unit per kilo per day). After 2 months 
of this depletion when no detectable amounts of vitamin D appeared in 
the feces, one dose of vitamin D was given in the following forms, each of 
which had been reassayed to establish its vitamin potency. 

Tuna Liver Oil (Katswwonus pelamis)'—The original preparation which 
contained 120,000 v.s.P. units of vitamin D and 40,000 units of vitamin A 
per gm. was diluted with an equal weight of corn oil. This was given to 
Dog 330, a female. 

Irradiated Ergosterol'—The original product which contained 1,000,000 
U.S.P. units per gm. was dissolved in corn oil and sufficient shark liver oil 
was added to produce the same concentrations of vitamins A and D which 
were present in the diluted tuna liver oil. This was given to Dog 331, 
a female. 

Activated Cholesterol (Delsterol)*—The original product which contained 
300,000 v.s.P. units of vitamin D was dissolved in corn oil and sufficient 
shark liver oil was added to give the same concentrations of vitamins A 
and D as were in the diluted tuna liver oil. This was given to Dog 328, 
a male. 

Each animal received orally in a gelatin capsule on June 13, 1940, when 
it was 117 days old, one dose of the prescribed oil sufficient to provide 
20,000 units of vitamin D and 6667 units of vitamin A per kilo of body 


weight. 
Blood samples taken before and at intervals after the dosing were exam- 
ined for serum calcium and vitamin D content. Feces were collected 


daily for the first 4 days, then pooled into weekly collections for vitamin 
D assay. 


1 We acknowledge with gratitude the gift of the tuna liver oil and of the irradiated 
ergosterol from Mead Johnson and Company, Evansville, Indiana, through C. E. 
Bills. 

2 We are indebted for this product to J. Waddell of EF. I. du Pont de Nemours and 
Company, Inc., New Brunswick, New Jersey. 
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Methods 


The method used for the vitamin D assay of the feces was essentially 
that of Heymann (3). The feces were dried at 80°, weighed, covered with 
20 per cent KOH in ethyl alcohol, and heated on a water bath for about 
3hours. The still hot, but liquid material was extracted five times with 
300 to 600 ml. portions of ethyl ether, the combined ether extract washed 
with water until the washings became colorless, dried with anhydrous 
NaSO,, and the ether distilled off. The residue was dissolved in corn oil 
in an amount equal to one-sixth of the original dry weight of the feces. 
The extract was administered by pipette for 8 consecutive days to standard 
rachitic animals. The rats were sacrificed after the 10th day, the tibias 
were removed, cleaned, split, and stained with silver nitrate, and the line 
test readings made. 

Blood samples were taken from the femoral vein, centrifuged, and the 
serum separated and kept frozen until it was used for assay. The serum 
was injected intramuscularly into standard rachitic rats daily for 8 days, 
atotal of 3 ml. of serum being administered, and the rats were killed after 
10 days. The tibias were removed for line test readings as above. 

Calcium of the serum was determined according to the method of Larson 
and Greenberg (4) and inorganic phosphate by that of Fiske and Sub- 
barow (5). 

Results 


The single moderate dose of 20,000 units of vitamin D per kilo of body 
weight produced no visible deleterious effect on growth, appetite, or the 
general behavior of the dogs (Fig. 1). Radiographs of the wrists taken at 
intervals during the 6 months following the dosing indicated that no 
rickets developed. This strain of cocker spaniels has been found (6) to 
require about 72 units of vitamin D per kilo per day during the first 4 or 5 
months after weaning in order to insure normal bone development. It may 
be that young dogs, even more appropriately than human infants, can be 
economically and successfully protected against rickets by the vitamin 
D-Stoss treatment. 

The results of the vitamin D assay of the blood and feces and of the 
serum calcium determinations are noted in Table I. In no case was an 
appreciable amount of vitamin D excreted after the Ist day. This is in 
marked contrast with the results of Heymann (7) who found vitamin D 
persistent in the feces of two adult dogs for 8 months after the administra- 
tion of viosterol and for at least 6 months after the administration of dris- 
dol. The vitamin D was given in somewhat larger amount than was used 
in the present study. Explanation for the differences may be found in 
differences in the degree of previous vitamin D depletion of the animals 
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and in differences in their ages. The growing puppies which were used in 
this experiment may have utilized or stored vitamin D more quickly or 
efficiently to meet growth requirements than did the adult dogs of Hey- 
mann’s experiment. Windorfer (8) who gave single massive doses to 
rachitic infants also found that there was practically no excretion of vita- 
min D in the feces after the first few days. 

No evidence of reexcretion of vitamin D through the gut was obtained 
during the 26 days of continual collection of feces following the dosing nor 
in the 4 weeks collection made during the 3rd month thereafter. 
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Fic. 1. The growth of three cocker spaniel dogs from birth to 8 months of age, as 
affected by administration of one dose of vitamin D, 20,000 v.s.p. units per kilo, when 
117 days old. 





In order to exclude the possibility of differences in the capacity of the 
dogs to absorb fat, balance studies were made by the method of Fow- 
weather (9) for determination of total fecal fat. The three dogs were 
found to absorb uniformly 96.5 to 97.9 per cent of the food fat. 

Vitamin D remained circulating in the blood for about 5 months follow- 
ing the administration of delsterol and of irradiated ergosterol but for only 
about 3 months in the case of the tuna liver oil. The elevation of serum 
‘aleium was both greater and longer sustained following the giving of the 
irradiated ergosterol than in the other twe cases. The hypercalcemia 
caused by the tuna liver oil especially was mild and transitory. Warkany 
and Mabon (10) found wide variation in the vitamin D of the serum of 
human subjects, both children and adults. The method (11) was some- 
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TaBLeE I 
Effect of One Moderate Dose (20,000 Units per Kilo) of Vitamin D upon Serum Calcium 


Serum Ca and vitamin D* 
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Line test 


Dog 331, 
irradiated 
ergosterol 
a |e 
me. 
per cent 
10.8 | 1.0 | 
14.3 3.0 
12.3 | 2.5 
14.6 | 2.0 
14.5 1.5 
13.9 | 2.5 
14.2 | 3.0 
12.5 | 2.5 
0 
13.4 | 2.5 
12.7 | 2.5 
12.2 
12.8 4.0 
10.2 
2.5 
12.5 
11.0 
10.5 | 2.5 
11.3 0.5 
11.5 | 3.5 
11.2 | 3.0 
11.3 | 2.5 
2.0 
2.0 
1.0 
0.5 
3.0 
0.5 


Dog 330, 
tuna liver oil 


Ca 


mg. 
per cent 


10.4 


12.1 
12.3 
14.2 


11.2 
10.6 
iB | 
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12. 
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11 
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| Fecal vitamin D shown by line 
test in ratst 
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* Shown by the line test in rats fed 3 cc. of dog serum. 
+ The figures shown in Columns 2, 4, and 6 represent the fractions of the total fat 
extract of the feces which were fed to individual rachitic rats. 


Dog 328 


delsterol 
a) | (@) 
0 (|1/2!1 
3.0)1/11 
0 1/6 
| 0 (1/4 
0 1/7 
|0 \1/6 
0 1/5 
0 1/6 
0 (1/2 


331, | Dog 330 


irradiated | tuna liver 


ergosterol | oil 





(3) | (4) | (5S) | (6) 


0 1/120 |1/16 
2.01/8 24 1/10 


0 1/110 1/11 
0-41/13' 0 |1/6 


0 1/3/0 1/7 
0 1/5 1-0)1/5 
0 1/4 0 1/3 


0-31/5 0 1/4 


0 5/12 0 (1/2 


what like that used in this study but an attempt was made to determine 
the actual level of vitamin in the serum. 


For 89 subjects they found the 
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average value 116.4 units per 100 ml., with a range of 66 to 165. The 
quantity present in the dog serum used in this study must have been near 
100 units per 100 ml. of serum during the periods when the presence of the 
vitamin was demonstrable. In a later study of six adult arthritic patients 
(12) given from 50,000 to 500,000 units of vitamin D daily over a long 
period the serum was found to contain 9000 to 13,000 units per 100 gm. 
and to maintain a very high level for several months after the treatment 
was stopped. 

These results are of interest in connection with the vitamin D-Stoss or 
loading technique introduced since 1936 by German clinicians for the pre- 
vention of rickets in infants. Harnapp (13), Vollmer (14), Zelson (15), 
and others have reported success in curing and preventing rickets by the 
use of single massive doses of vitamin D, or Dy; either parenterally or by 
mouth. The economy and certainty of the procedure are advanced as 
reasons for preferring it to the administration of small daily doses over 
long periods of time. From 3 to 15 mg. of irradiated ergosterol, or vitamin 
D;, presumably 120,000 to 600,000 U.s.p. units, administered in one dose, 
have been reported as a safe and effective antirachitic treatment. 

Few experimental observations have been made, however, and nearly 
all the reports concern only clinical freedom from rickets. Completeness 
of absorption, amount and site of storage, and pathological effects, immedi- 
ate or remote, of these large single doses need to be established. Windor- 
fer’s (8) study of absorption indicated that less than 10 per cent of the 
vitamin was excreted in the feces of six rachitic infants, all within 3 days 
after administration of 10 to 15 mg. of vitamin D, and in one case on which 
autopsy was performed less than 8 per cent of the dose was found in the 
tissues. Vollmer (16) made a similar study of the tissues of two children 
which had received 200,000 units of vitamin D; per kilo of weight and was 
able to find very little stored vitamin. 

Coppens and Metz (17) detected vitamin D in the liver, adrenal cortex, 
lungs, blood, spleen, mesentery, and in two out of four cases, in the kidneys 
of dogs 10 hours after the feeding of irradiated ergosterol, but none in heart, 
brain, skin, and pancreas. If the animals were allowed to survive longer, 
there were progressive losses in the liver until, after 2 days, there was none 
left in that organ. Metz and Coppens (18) postulated the existence of an 
enzyme in the lungs which was capable of decomposing vitamin D in the 
presence of oxygen, since the vitamin disappeared rapidly from lung tissues 
originally rich in vitamin D if kept in an incubator for 24 hours, but not 
if the lungs were kept in an atmosphere low in oxygen at low temperature. 
Only a small amount of the ingested vitamin D was stored in the blood 
and liver of growing calves fed cod liver oil concentrate or irradiated yeast 
(19), but after a single large dose of irradiated ergosterol fed to male adult 
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rabbits vitamin D was found (3) in the brain for 1 to 2 weeks, in the red 
blood corpuscles for 5 to 6 weeks, in the skin for 6 to 8 weeks, in the kidney 
for 6 to 9 weeks, and in liver and blood for 12 weeks. 

Tissue Storage of Vitamin D—The next step taken therefore in this study 
was the administration of a large dose of the vitamin to the dogs in order 
to discover the place and amount of storage of excess vitamin D. When 
the same three dogs previously studied were 12 to 14 months old, they were 
given orally one dose of 200,000 units of vitamin D per kilo. One animal 
was given irradiated ergosterol and the two others delsterol. 

Blood samples taken before and at intervals after the dose were examined 
for serum calcium, inorganic phosphorus, and vitamin D. Daily collec- 
tions of feces were made and the dogs sacrificed 3 days after the administra- 
tion of the vitamin dose. The dogs were killed by an intravenous injection 
of sodium amytal and exsanguinated by draining the carotid artery, and 
the following organs were removed for vitamin D assay: spleen, stomach, 
small intestine, large intestine, liver, kidney, heart, lungs, brain, muscle, 
skin, and subcutaneous fat. Non-saponifiable extracts were made after 
the method previously described, except that the non-saponifiable matter 
of each collection was dissolved in 1 gm. of corn oil. 

The dog which received irradiated ergosterol showed no visible untoward 
effect of the large dose on the Ist or the 2nd day after the administration, 
but responded with a little vomiting on the 3rd day. The dogs which 
received the delsterol were more affected. They vomited on the Ist day, 
had diarrhea, and showed little activity. By the 3rd day they were in an 
advanced state of lassitude and weakness, had rapid respiration, running 
eyes, and refused to take water or food. 

The results of vitamin D assay of the tissues are summarized in Table 
II and changes in serum calcium and inorganic phosphate in Table III. 

Obviously there is an initial drop within the first 4 hours followed by a 
rise to a peak in 12 hours in both serum calcium and inorganic phosphate. 
This rise was greater, occurred somewhat later, and was longer sustained 
for caleium but less for phosphate in the case of the irradiated ergosterol 
than in those of the irradiated animal sterol. This is consistent with the 
serum calcium findings of the earlier experiment (Table I). Vitamin D 
in excess of 300 units per 100 gm. of serum was found in each case in blood 
samples taken within 45 minutes after the massive dose was given and was 
maintained thereafter, although serum samples withdrawn the day before 
were negative. 

Vitamin D was present in the feces of all three dogs on the Ist and 2nd 
days after the dose was given and on the 3rd day in the case of the two dogs 
which had recieved delsterol but not in the case of Dog 331 which had 
received irradiated ergosterol. Possibly the absence of diarrhea in the 
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TaBLe II 


VITAMIN D 


Vilamin D Content of Tissues of Dogs Given Single Massive Dose (200,000 Units per 
Kilo) of Vitamin Dz or D; 


Total 

8 Tissue tissue taken 
Dog Dog 

331 328 

gem. gm. 

Kidney 50 82 
Heart 70 92 
Small intestine 204 235 
Large "= 39 39 
Liver 287 377 
Lung 69 97 
Brain 73 77 
Spleen 35 37 
Muscle 32 39 
Stomach 86 80 
Abdominal fat 34 128 
Skin and hair 237 322 


latter may account for this difference. 
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Vitamin D per 
gm. fresh tissue, 
U.S.P. units 


328 
3-5 8 
5 3-5 
1.5 5 


0.7-1.0 3-5 


0.2 0.4-1.0 3-5 


0.5-1.0 <3 
0.7 0 
0.3-0.5 | <i 
0.5-1.5 0 


total excretion of 


both calcium and phosphate was little affected during the 2 days after the 
massive dose of irradiated ergosterol was given to Dog 331 but in the case 
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of the delsterol treatment of Dog 330 an immediate increase in calcium 
excretion occurred, followed on the 2nd day by a similar increase in 
phosphate excretion (Table IV). 


Taste III 
Serum Calcium and Phosphorus of Dogs Given One Massive Dose of Vitamin D (200,000 
Units per Kilo) 


The values are expressed in mg. per 100 ml. of serum. 


Dog 331, irradiated ergosterol Dog 330, delsterol Dog 328, delsterol 


Hrs. after dosing 
Ca P Ca P Ca P 
Before 10.9 2.5 11.4 3.2 8.0 3.0 
0.50 4.2 
0.75 11.1 2.4 
1.0 11.1 3.6 11.5 3.0 
1.25 3.4 
2.0 3.6 | 
1.0 8.4 3.6 mae) Be 
4.5 8.5 3.5 
7.0 7.7 
8.0 | 13.9 7.1 
9.0 16.0 | 6.4 | 
24.0 15.9 4.3 13.0 | 4.4 5.7 
48.0 14.0 4.9 9.5 4.8 2.2 4.2 
72.0 11.4 ..3 9.8 3.6 12.0 3.6 


TaBie IV 
Fecal Excretion of Ca and P after Administration of Massive Dose of Vitamin D (200,000 
Units per Kilo) 


Fecal | Total excretion 


Dog No Ba Vitamin given Collection period vitamin 
weight D < 3 
Ca I 
keg. meg. meg. 
331 9.3 Irradiated ergosterol oe ee 0 187 1497 
ay before dosing : ' 
330 | 8.2 | Delsterol y 0 | 160 | 1139 
331 9.3 Irradiated ergosterol eet dices alieiei ili ++ | 131 | 1274 
st day afte sing 
330 | 8.2 | Delsterol : © | ++ | 402 | 1148 
331 9.2 Irradiated ergosterol ait ans sities dia ++ 213 | 1048 
aii i i - Os 4 on 
330 | 8.0  Delsterol . e) ++ | 176 | 1480 
331 8.8 Irradiated ergosterol | , : 0 83* 324* 
330 79 Delsterol 3rd day after dosing 


++ | 83*) 208° 





* Feces only; urine lost. 


The greatest deposits of vitamin D appeared to be in the kidney, heart, 
and intestines, and the least in stomach, skin and hair, fat, and muscle. 
The liver, lung, and brain were intermediate and appeared to be capable 
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of only moderate storage of the vitamin. This confirms the finding of 
Metz and Coppens (18) of the disappearance of the vitamin from dog livers 
and lungs within 3 days of administration and of Vollmer (16) on its ab- 
sence from liver and brain of a child similarly dosed. 

The maximum vitamin content of the dog tissues mentioned in Table 
II was determined for both dogs in most cases. None of the tissues con- 
tained more than 5 units per gm. of fresh weight, except for the kidney of 
Dog 328, 8 units per gm., thus accounting for less than 60,000 units of the 
total dose of 2,400,000 units fed, in the case of Dog 328 which weighed 12 
kilos. Some tissues other than those examined must therefore have carried 
the major portion of the stored vitamin, unless the blood was the reposi- 
tory. Maximum values for the serum were not determined but even if 
such values as those mentioned by Warkany et al. (12) prevailed (9000 to 
13,000 units per 100 ml.) less than 100,000 units would be thus accounted 
for, and approximately 10 per cent of the whole dose in all the tissues es- 
timated. In the case of Dog 331 the amount of vitamin stored in the 
tissues was usually less than was found in Dog 328, and again the total 
accounted for was less than 10 per cent of the vitamin administered. 

The state of our knowledge as to the place of storage or of destruction 
of excesses of vitamin D is unsatisfactory. Only four human cases, chil- 
dren 1 to 4 years of age, given 200,000 units per kilo, have been studied, 
one by Windorfer (8) and three by Vollmer (16). The findings were incon- 
sistent, as noted previously. Before acceptance of the vitamin D-Stoss 
therapy for rickets can be advocated, more must be known on this and the 
related problem of the sequelae of long continued hypercalcemia. In any 
case it would appear that irradiated ergosterol (vitamin D,) is more likely 
to induce more prolonged and continuous elevation of serum calcium level 
than does irradiated cholesterol (vitamin Ds). 

All of these observations tend to confirm the conclusion suggested in an 
earlier study (1) with rats that irradiated animal sterol (delsterol) is more 
rapidly absorbed and also more rapidly excreted, immobilized, or destroyed 
when fed in excess than is irradiated ergosterol. Again the vitamin D of 
tuna liver oil appeared to be milder and more transitory in its effects than 
either of the other forms. 


SUMMARY 


1. When single doses of 20,000 units of vitamin D perkilo of body weight 
were given in the form of delsterol (activated animal sterol), irradiated 
ergosterol, or tuna liver oil to three young dogs depleted of vitamin D for 2 
months, there was in no case an appreciable amount of vitamin D excreted 
in the feces after the Ist day. 

2. Vitamin D was present in the blood for about 100 days when tuna 
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liver oil was given, and for about 5 months when either delsterol or irradi- 
ated ergosterol was the source of vitamin D. 

3. Delsterol caused an immediate rise in blood calcium, which fell to 
normal within a week. Irradiated ergosterol caused a prolonged rise in 
blood calcium lasting for about 2 months, while tuna liver oil caused only 
a mild and transitory hypercalcemia. 

4. This single dose protected the dogs against rickets and allowed opti- 
mum growth for the 12 to 14 months of observation following its ad- 
ministration. 

5. A single massive dose (200,000 v.s.P., per kilo of body weight) of vita- 
min D administered to these three dogs when they were 12 to 14 months 
old, as delsterol to two and as irradiated ergosterol to the third, produced 
severe and immediate prostration in the former and less obvious distur- 
bance in the latter case. 

6. Vitamin D appeared in the feces after administration of the dose for 
2 days only in the case of the irradiated ergosterol but for 3 days preceding 
sacrifice of the animals given delsterol. 

7. Calcium excretion was increased at once by the delsterol but not by 
the irradiated ergosterol but serum calcium was raised more markedly by 
the latter. 

8. Vitamin D was found in the serum and most of the tissues examined 
but in markedly limited amount. No tissue of either dog contained more 
than 5 units per gm. of fresh tissue, except for the kidney in one dog given 
delsterol, which had 8 units per gm. Less than 10 per cent of the vitamin 
given in either form can be reasonably accounted for. 

9. The bearing of these findings on the value and safety of antirachitic 
prophylaxis for infants through single massive doses of vitamin D is 
discussed. 
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Vitamin D in small amounts has been shown to aid calcium and phos- 
phorus assimilation in the animal body, but the mechanism underlying 
this process is not clearly understood. Harris and Innes (1) concluded 
from their observation that vitamin D increases the net absorption of Ca 
or P or both from, or decreases the excretion into, the gut, thereby in- 
creasing the apparent solubility of Ca and P in the blood and facilitating 
calcification in certain sites. Taylor, Weld, and Sykes (2) suggested that 
vitamin D promotes Ca and P utilization through stimulation of hormone 
production by the parathyroid glands. There is a lack of conclusive 
evidence for this relationship. Nicolaysen (3) has put forward the view 
that the action of vitamin D in the gut is confined to a direct effect on the 
absorption of calcium, thus only indirectly affecting the absorption of 
phosphorus. Recent experiments with the radioactive isotope of phos- 
phorus also indicate that increasing the net absorption of phosphorus is 
probably not the outstanding action of vitamin D. Dols et al. (4, 5) 
have reported from experiments with radioactive phosphorus that vitamin 
D appears to have no characteristic action on the absorption or the ex- 
cretion of the labeled phosphorus in the gut of the rachitic rat. They 
found P metabolism of the bone of rachitie chicks as a whole to be more 
intense than that of normal birds. Furthermore the radioactive P was 
concentrated more rapidly in the epiphyses than in the diaphyses. Cohn 
and Greenberg (6) concluded from their similar experiment with rachitic 
rats that vitamin D “acts to aid the conversion of organic to inorganic 
phosphorus, and that the transfer of phosphorus from blood to the organic 
fraction of bone is independent of vitamin D.” Morgareidge and Manly 
(7) found that the vitamin D administered to rachitie rats had no influence 
on the entrance of P into the blood or into the diaphyseal portion of the 
tibia, although it produced healing in the metaphyses, as shown by the 
positive line test, which occurred concomitantly with a significant increase 
in the content of radioactive P. These results supported their conclusion 
that vitamin D has, at least for one of its actions, a direct influence on the 
metabolic factors controlling calcification and its action is not limited to 


* Assistance in this study was rendered by the Works Progress (Administration, 
Unit A24 (No. 0803-1895-S-1). 
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the control of intestinal absorption of the elements concerned in cal- 
cification. 

In the present experiment, a single large dose of vitamin D was fed 
along with the radioactive P in order to produce striking effects of the 
vitamin for the purpose of observing its influence on the P metabolism, 


EXPERIMENTAL 


The radioactive phosphorus uSed as the indicator, P®, was prepared by 
the bombarding of red P® by accelerated deuterium ions in the Berkeley 
evelotron.! It has a half life of 14.5 days and emits 8-rays. <A 1 per cent 
Na2HPO, solution was prepared from the radioactive phosphorus and 
fed as such. 

Three adult pure bred cocker spaniel dogs, a bitch and her two daughters, 
were used in this experiment. They had been subsisting for more than 1 
year on a stock dog diet.* 

Dog 301, 3 years old, which served as the control, received 375 1.v. of 
vitamin D daily from cod liver oil. When 14 months old, Dog 330 re- 
ceived a single dose of 200,000 1.c. per kilo of body weight of irradiated 
ergosterol,* and Dog 331, when 12 months old, received the same massive 
dosage in the form of delsterol.!. The oils were fed by mouth to Dogs 330 
and 331 and immediately following the dosing all three animals received 
by stomach tube 1 ec. per kilo of body weight of the radioactive phosphate 
solution. Blood samples were then taken at frequent intervals for the 
purpose of following Ca, inorganic P, and radioactive P levels of the serum. 
Daily urine and feces collections were made for 3 days for the study of Ca, 
P, and radioactive P excretion. The dogs were anesthetized 72 hours after 
the administration of the dose by an intravenous injection of sodium 
amytal and exsanguinated by draining blood from the carotid artery, and 
the following organs were removed: spleen, stomach, small intestine, large 
intestine, liver, kidneys, adrenals, ovaries, heart, lungs, brain, a sample of 
leg muscle, skin, and a layer of fat underneath the skin of the dorsal side. 
The femur and tibia were also saved. 


1 We acknowledge with gratitude our debt to M. D. Kamen of the Radiation 
Laboratory, University of California, and to M. Murayama for the preparation of the 
radioactive phosphate. 

2 The stock diet consisted of granulated sugar 20.9 per cent, corn-starch 8.4, raw 
casein 45.8, fat 10.0, Salts 5 (8) 2.4, CaCO; 1.5, wheat germ 5.0, and brewers’ yeast 
6.0 (see Morgan, A. F., and Shimotori, N., J. Biol. Chem., in press). 

* The irradiated ergosterol, 1,000,000 I.v. per gm., was furnished us by C. E. 
Bills of Mead Johnson and Company, Evansville, Indiana. 

‘The delsterol, irradiated animal sterols, 300,000 1.u. per gm., was furnished 
us by J. Waddell of E. 1. du Pont de Nemours and Company, Inec., New Brunswiek, 


New Jersey. 
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After the total fresh weights of the organs were obtained, the organs were 
ground through a food chopper and approximately equal aliquots of the 
tissues were weighed into 10 ml. Coors ashing capsules, dried, and ashed | 
in an electric muffle furnace at 500°. The ashes were moistened with a 
few drops of distilled water in order to distribute them as evenly as possible 
over the bottom of the capsules and dried on a hot-plate. The femurs 
were extracted twice with an aleohol-ether mixture for about 10 hours, 
then dried, and ashed as above. The ash was dissolved in dilute HCI 
and the volume brought to 100 ml.; 2 ml. aliquots were measured into 
capsules and evaporated to dryness. To determine the amount of radio- 





Fig. 1. Radioautographs of split tibias of dogs given radioactive P without 
control; center tibia in photograph) and with a massive dose of irradiated ergos- 
terol (left-hand in figure) or delsterol (right-hand in figure). 


active P inthe inorganic form in the blood serum, a sample of the solution 
left after the inorganic P determination of Fiske and Subbarow (9) was 
measured into a capsule and evaporated to dryness. 

The radioactivity measurements were made with the Lauritsen electro- 
scope. The rate of decay of a standard consisting of 0.001 ml. of the 
radioactive phosphate solution was followed. This served to establish 
the radioactivity of the standard at any given time. The activity of the 
samples was then determined relative to that of the standard, all being 
expressed in percentage of the dose administered. The radioactivity was 
measured in terms of divisions per second of discharge in the electroscope, 
from which the background was subtracted. The value thus obtained 
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from a sample was divided by the corresponding value obtained for the 
standard at the same time. This resultant value multiplied by the ratio 
of ml. administered to ml. in the standard indicated the per cent of the 
fed phosphate present in the sample. 

After radioactivity measurements were made, the ashes were dissolved 
in dilute HCl, the solution brought to volume, and total phosphorus de- 
termined after the method of Fiske and Subbarow (9). 

In order to observe the distribution of radioactive P in the bone, radio- 
autographs were taken of the tibia (Fig. 1). The tibia was sawed in half 
and the cut surface was held pressed upon a sheet of Agfa “no sereen” 
x-ray film. After 5 days exposure, the film was developed. The greatest 
effect of the exposure took place where the radioactive P was present in 
the largest concentration. 

DISCUSSION 


The dogs which received the large doses of vitamin D showed no gross 
untoward effect except some diarrhea and vomiting on the 3rd day follow- 
ing the feeding. They both lost some weight, about | pound each, in 
the 3 day period. 

The labeled inorganie phosphorus of the blood disappeared rapidly, 
most of it being diffused from the blood in 2 hours. There was no marked 
difference in the rate of this disappearance between the control dog and the 
dogs which received the large doses of vitamin D, although there was a 
definite hyperphosphatemia in the latter several hours after the adminis- 
tration of the vitamin (Table I). It is clear that, since the vitamin had 
no measurable effect upon the radioactive P fraction of the serum P, 
increase in the rate of absorption of P from the gut cannot be looked on as 
a primary part of the vitamin action. The rise in total inorganic P of the 
serum which is usually reported following the ingestion of vitamin D and 
which was seen in the dogs given the vitamin in this experiment must be 
due to mobilization of P from the tissues rather than from the intestine. 
Morgareidge and Manly (7) using similar technique on rats also found 
that vitamin D had no influence upon the amount of labeled P in the 
serum. 

The hypercaleemia, which was more marked and longer sustained in 
the dog given irradiated ergosterol than in that given delsterol, might also 
by analogy be ascribed to tissue rather than food sources. 

The irradiated ergosterol caused a 2-fold or more increase in the urinary 
total phosphorus excretion and the delsterol a smaller increase, but the 
radioactive phosphorus excretion was lower in the experimental than in 
the control (20.0 and 17.8 as compared with 23.3 per cent) (Table ID). 
This indicates that both vitamins Ds and Ds; promoted excretion of urinary 
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TaBLe I 
Effect of Vitamin D on Serum of Dogs Given Radioactive P 


Dog 330. Given irradiated 





Dog 301. No vitamin D ergosterol 
: Radio- ba , R: di - 
Ce P active P Ca P active P 
per cent per cent 
’ , -?p -? 
eont | "cent | total dose | eet | Cent | lol dose, 
9.5 4.4 10.9 2.5 
4.4 1.168 
11.1 2.4 
4.4 1.008 
3.4 0.207 
4.4 0.308 
4.2 0.183 
8.5 3.5 0.095 
0.135 
16.0 6.4 0.109 
0.077 15.9 4.3 0.053 
0.079 14.0 4.9 0.038 
4.0 0.043 11.4 3.1 0.028 


TABLE II 


Days after | 


——| = P 
and P® 
mg. meg. 
1 11 441 
2 81 | 412 
3 20 432 
eee eer 112 1285 
0 21 447 
l 244 445 
2 53 1003 
3 
0 35 586 
1 27 419 
2 135 733 
3 








Dog 331. Given delsterol 
Radi y 
cs Cc 
per cent 
"cent | “cont” | fall dose 
11.4 3.2 
4.2 1.128 
11.1 3.6 0.691 
3.6 | 0.412 
8.4 3.6 0.161 
13.9 a.m 0.150 
13.0 4.4 0.070 
9.5 4.8 0.040 
9.8 3.6 


Radioactive P 


15.5 
4.4 
3.4 


23.3 


_ 0.029 


Urinary Excretion of Total and Radioactive P As Affected by Vitamin D 


Specific activity 


per cent of dose 


x04 
3.51 
1.07 
0.79 


5.37 


1.97 
0.73 


2.53 
0.64 
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phosphorus, but that this increased excretion must have originated from 
sources other than recently ingested phosphorus. The urinary Ca was 
also increased on the Ist day by the delsterol and on the 2nd by the irradi- 
ated ergosterol. There was a marked decrease in fecal P and Ca 
corresponding roughly with the urinary increases. 

The results obtained on the feces are strikingly different for the two 
forms of the vitamin (Table III). In both cases vitamin D caused a 
progressive decrease in the total fecal P, but the excretion of the radioactive 
P was definitely lower in the dog which received delsterol and higher in 


TaBLe III 
Fecal Excretion of Total and Radioactive P As Affected by Vitamin D 


Days after 


Dog No , ppg Ca Pr Radioactive P | Specific activity 
und Ps 

ms me per cent of dose xX 10-3 

301 | 216 930 9.6 1.03 

2 229 778 1.3 0.15 

3 225 S10 0.5 0.07 

Total 670 2518 11.3 1.25 
331 0 139 692 

l 158 703 3.4 0.49 

2 123 477 0.9 0.18 

3 83 208 0.2 0.10 

Total 364 1388 £.5 0.77 
330 0) 152 911 

| 104 855 29.5 3.33 

2 78 315 6.5 2.07 

3 83 324 0.5 0.15 

Total 265 1494 36.5 5.55 


the dog which received the irradiated ergosterol than in the control animal. 
The total radioactive P excreted during the 3 day period was 24.5 per cent 
by the dog given delsterol, 34.6 per cent by the control, and 54.4 per cent 
by the dog given irradiated ergosterol. 

The total P and Ca excretion was not significantly altered in the 3 days, 
since with the marked increases in urinary P and Ca there were decreases 
in the corresponding fecal excretion. There appeared therefore to be no 
significant effect of the vitamin on the net retention of total P. This 
accords with the view of Nicolaysen (3). 
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The ratio of total fecal P to urinary P remained nearly the same, 2.1 
to 1.9, in the control animal and the corresponding ratio of per cent of P® 
to total P in feces and urine (specific activity) declined throughout the 3 
days, 0.29, 0.14, 0.09. The corresponding ratios for total excreted P of 
the dog given delsterol were 1.6 and 0.47 and for P® were 0.25 and 0.25 
on the Ist and 2nd days, thus indicating that the apparent increase in P 
absorption may be due to failure of reexcretion into the gut or to increased 
tissue P mobilization, but not to decreased reabsorption by the renal 
tubules. The dog given irradiated ergosterol, on the other hand, excreted 
fecal and urinary total P in the ratios 2.0 and 4.3 and P® in the ratios 1.3 
and 3.2 on the 2 days following the administration of the vitamin. The 
ratio Py: P, on the 2nd day was more than doubled, but the ratio p??: p? 
was increased to 4 times the value in the control on the Ist day and 23 
times that on the 2nd day. Again there appears no reason to assume 
failure of reabsorption by the kidneys but instead either failure of intestinal 
absorption or increased reexcretion into the intestine. 

It is interesting to note the total P excreted during the Ist and 2nd days 
by the three dogs, 2.56, 2.63, and 2.22 gm. respectively for Dogs 301, 331, 
and 330, and the feeal P 1.71, 1.18, and 1.17 gm.; yet the proportion of 
radioactive P in the feces was 11.2, 4.5, and 36.5 per cent of the dose 
administered. The effects of both forms of vitamin D appear therefore to 
be identical so far as entry of newly ingested P into the serum is concerned 
and also its excretion in the urine, but to differ sharply in regard to excretion 
from the intestine. Nevertheless the apparent effects of the two forms of 
vitamin D are identical if total P excretion is examined. 

The large dose of vitamin D caused lowered retention of the radioactive 
P of the soft tissues expressed in terms of activity per gm. of dry weight 
(Table IV). Delsterol caused a decrease in the specific retention in almost 
all the organs studied, but the decrease was less marked or not present in 
the case of kidney, large intestine, brain, small intestine, and lungs, but 
was particularly great in the subcutaneous fat and the skin, stomach, 
spleen, and liver. Irradiated ergosterol caused a marked lowering of 
radioactive P in all the tissues investigated and, as in the case of delsterol, 
the decrease was most marked in the fat and the skin, stomach, spleen, and 
liver. 

On the other hand, in the femur, the radioactive P turnover was increased 
up to almost 2-fold in the dogs which received the vitamin, the increase 
being greater in the case of irradiated ergosterol. The bone radioauto- 
graphs showed that the vitamin D intensified the P metabolism in the 
spongy portion of the bone, since the greatest deposition of P® was in the 
metaphyseal and the epiphyseal regions of the bone. 

The specific activity of the organs, expressed as the per cent radioactive 
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P ingested per mg. of total P in the dry tissue again indicated that the 
large dose of vitamin D in both forms caused in general a lowered specific 
activity of the soft tissues. On the other hand, it increased the specific 
activity of the femur, more P atoms in the latter being replaced by the 
active P. 

Irradiated ergosterol exerted a much more marked and consistent effeet 
both on the specific retention of the soft tissues and of the femur than did 
the delsterol. The decrease in the specific retention was most pronounced 
in the case of fat and skin, in which the values were lowered to as little as 


TaB.e IV 
Distribution of Radiophosphorus in Tissues of Dogs without Vitamin D (Dog 301) 
and with a Large Dose of Vitamin Dz (Dog 330) and Vitamin D, (Dog 331) 


Radioactive P, specific 
activity 


Radioactive P, per gm 


- ' ee 
dry tissue Total P in dry tissue 


Tissue { 

Dog Dog Dog Dog | Dog Dog Dog Dog Dog 

01 330 331 301 330 331 31 330 331 

| ies +P oon a fame per cent per cent| percent: XK / x xX 107 

Spleen 0.067 0.036 0.042 1.08 | 0.86 | 0.75 6.2 4.2 5.5 
Stomach 0.050 (0.024 (0.0385 | 0.95 0.62 0.84 5.2 3.8 4] 
Small intestine 0.089 (0.065 0.084 | 1.23 | 1.17 | 1.41 | 7.2 5.5 | 6.0 
Large ™ 0.054 0.037 0.059 | 0.79 | 0.74 | 0.92 | 7.0 5.0 6.4 
Liver 0.088 |0.048 |0.066 | 0.97 0.87 | 0.99 |) 9.0 5.5 | 6.7 
Kidney 0.071 0.052 (0.074 | 1.09 | 1.15 1.37' 6.5 4.5 54 
Adrenals 0.069 0.041 (0.064 | 1.11 | 0.88 | 1.09 6.3 4.6 | 5.8 
Ovaries... 0.054 (0.031 0.042 | 1.06 | 0.77 | 1.14 5.1 4.0 3.7 
Heart 0.051 0.031 0.042 | 0.86 0.90 | 0.99 6.0 3.4 | 4.2 
Lungs 0.059 0.049 (0.056 | 1.02 | 1.23 | 1.13 5.8 1.0 | 4.9 
Brain 0.008 0.006 0.009 | 1.43 | 1.46, 1.60) 0.5 0.4 0.5 
Muscle 0.034 0.024 0.023 | 0.62 0.75 0.77) 5.5 3.2 | 3.0 
Fat 0.004 0.001 0.001 0.07 0.03 0.02) 6.0 3.3 5.0 
Skin and hair 0.018 |0.003 0.007 | 0.38 | 0.62 0.20 4.7 O56. 3.8 
Femur ash 0.036 0.074 0.064 16.9 16.7 (16.3 0.2 | 0.4 t 


one-fourth and one-sixth, respectively, of the control values. The specific 
retention by the bone was increased 86 per cent and 109 per cent by dels- 
terol and irradiated ergosterol, respectively, the greatest activity being 
concentrated in the epiphyseal and the metaphyseal regions, as is evident 
from the tibia radioautograph. It appears that vitamin D causes an 
increased uptake of the labeled P in the bones at the expense of the soft 
tissue P, particularly that of the skin and fat. 

This finding is consistent with the view advanced by Cohn and Green- 
berg (6) that under the influence of vitamin D a flow of phosphate takes 
place from the soft tissues to the bones. Likewise their finding with rats 
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as to the order of affinities of the labeled P for the tissues is substantially 
confirmed by this experiment on dogs. The order of decreasing proportions 
of the total dose of labeled P found in the tissues is bone, liver, small 
intestine, kidney, adrenals, spleen, lungs, large intestine, ovaries, stomach, 
muscle, skin, brain, fat. On the other hand the order of specifie P turn- 
over is liver, small and large intestines, kidney, spleen, adrenals, heart, 
stomach, lungs, brain, muscle, fat, skin, ovaries, bone. This P turnover 
was increased in bone but decreased in all other tissues except skin by 
vitamin D» and except brain by vitamin D;. The latter may be a signifi- 
eant finding in view of clinical reports of hypervitaminotic symptoms in 
infants as well as the differences reported for brain storage of vitamins D, 
and Ds; (10, 11). 

The question raised by the diverse conclusions of Schneider and Steen- 
bock (12) and Day and McCollum (13) as to the mechanism of vitamin D 
action is only partly answered by these findings. The former authors 
concluded that, under the influence of the vitamin on low P intake, P 
was stripped from soft tissues and added to bone, and the latter that the 
reverse condition obtained. Earlier experiments with rats in this labora- 
tory (14) as well as in others pointed to the grave importance of the level 
of Ca and P in the diet for bone growth, vitamin or no vitamin, except in 
the low P cereal diets. The radioactive P and total P circulation, deposi- 
tion, and excretion here reported appear to indicate no necessary relation 
between the levels of total P and radioactive P in the serum under the 
influence of the vitamin, nor in the urinary excretion, except for depression 
instead of increase in the urinary radioactive P, and diverse effects upon 
the radioactive P content of the feces, with no consistent relation to the 
total P of the feces. 

Again the content of radioactive P in soft tissues was decreased and that 
in bones increased by the vitamin but these changes bore no relation to the 
total P of these tissues. The only conclusion possible is that newly ingested 
food P is not the source of the hyperphosphatemia, increased urinary, nor 
decreased fecal P output due to vitamin D activity. Nor can it be said 
that food P is diverted from soft tissues to bone, but only that P turnover 
in the former is depressed and stimulated in the latter. 

If the increased serum and urinary total P, in contrast with radioactive 
P, arose from the stripped diaphyses, the heightened P turnover of epiphy- 
ses would still be possible. In any case no support for the improved 
intestinal absorption theory of vitamin D action is furnished by this 
experiment. 

SUMMARY 


|. Vitamin D fed in the form of irradiated ergosterol and delsterol at 
the level of 200,000 I.u. per kilo of body weight had no significant effect 








210 VITAMIN D EFFECT ON RADIOACTIVE P 


on the rate of disappearance of the labeled inorganic phosphate from the 
blood stream. 

2. There was a marked increase in the urinary phosphate excretion in 
the experimental animals, although the radioactive phosphate excretion 
was even less than in the control; therefore the increased phosphate must 
have originated from sources other than that of recently ingested phosphate, 

3. The irradiated ergosterol greatly increased the fecal loss of labeled P 
but the delsterol acted to decrease this loss. This was the most striking 
difference between the effects of the two forms of vitamin D. 

+. The large dose of vitamin D caused decreased P turnover in almost 
all the soft tissues studied, but increased to almost 2-fold the P metabolism 
of the femur. The P uptake was most intensified in the epiphyseal and the 
metaphyseal portions of the bone, the increased specific activity of the bone 
being due to the intensified P metabolism in these regions. 

5. Vitamin D probably does not exert its therapeutic effects through 
improvement in intestinal absorption of P but rather by intensification of 
P turnover in bone with resultant hyperphosphatemia and decreased 


visceral P turnover. 
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BIOLOGICAL CATALYSIS OF THE EXCHANGE REACTION 
BETWEEN WATER AND HYDROGEN* 


By HENRY D. HOBERMAN? ano D. RITTENBERG 


(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York) 


(Received for publication, September 8, 1942) 
It has been known for some time that there are species of bacteria which 
produce and fix molecular hydrogen. The chemical reactions which are 
catalyzed by these bacteria may be classified as follows: 


2H. +O, = 2H,0 


1) 

2) H. + CO, = HCOOH 
3) H2+X = HX 
4) H. = 2H* + 2e 


The enzyme which catalyzes the synthesis and decomposition of formate 
has been named hydrogenlyase (1). The term hydrogenase has been ap- 
plied to the enzymes which catalyze the other reactions listed (2). 

Farkas, Farkas, and Yudkin (3) have shown that the hydrogen evolved 
from formate decomposed by Bacillus coli in heavy water is in equilibrium 
with the water, for not only the concentration of deuterium in the gas 
phase, but the distributions of the three forms of hydrogen, He, HD, and 
Ds, are those predictable from complete chemical equilibrium between water 
and gas. These results indicate that B. coli contains an enzyme system 
capable of catalyzing the exchange reaction between water and molecular 
This was confirmed in separate experiments carried out without 


hydrogen. 
It is of some interest that Green and Stickland 


the addition of formate. 
have shown that an inert metal in a suspension of B. coli behaves as a re- 
versible hydrogen electrode (4). 

This paper deals with the experimental findings obtained on studying the 
exchange reaction between gaseous hydrogen and water, catalyzed by bac- 
teria. This is a direct method by which the biological activation of the 
hydrogen molecule can be observed in the absence of organic substrate re- 


* This work was carried out with the aid of a grant from the Josiah Macy, Jr., 
Foundation. 

+ Now National Research Council Fellow at the Department of Comparative 
Pathology and Tropical Medicine, Harvard Medical School. This report is from a 
dissertation submitted by H. D. Hoberman in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy in the Faculty of Pure Science, Columbia 
University. 
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active with the hydrogen molecule. The system is therefore uncomplicated 
by the necessity for the activation of organic substrate. 


EXPERIMENTAL 


Because some strains of Bacillus coli were occasionally found to be in- 
active as exchange catalysts, a search was made for some other species of 
bacterium possessing more reproducible properties. In the course of this 
study it was found that activated sewage sludge contains an exchange 
‘atalyst. From the sludge, pure cultures of bacteria were isolated and 
tested for exchange activity. One of the most catalytically active or- 
ganisms was identified as Proteus vulgaris. Its activity has been found to 
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ric. 1. Apparatus for studying the exchange reaction. 
Fie. 2. Apparatus for filling the exchange vessels with deuterium gas 


be constant, and, for many of the experiments to be described, Proteus 

vulgaris obtained from the Department of Bacteriology has been used. 
Preparation of Bacterial Cultures—Bacteria were cultured in broth of the 

following composition: 2 per cent Bacto-tryptone,? 0.5 per cent glucose, 0.5 


! Other bacteria which were tested for exchange were Bacillus pyocyaneus (with 
and without added pyocyanine), a strain of Bacillus welchii, Bacillus acidi lactici. 
Only Bacillus acidi lactici was found active. Hemoglobin and catalase were found 
inactive as exchange catalysts. We are indebted to Dr. Kurt Stern for samples of 
pyocyanine and catalase and to Dr. Theodore Rosebury for some of the cultures of 
bacteria. 


? A standard peptone manufactured by Difco Laboratories, Inc. 
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per cent N aCl, and 0.5 per cent concentrated yeast extract. For massive 
growth, broth cultures were inoculated into Roux bottles containing broth 
and 2 per cent agar. 18 to 24 hour cultures were washed out of the Roux 
bottles with distilled water, washed three times with centrifugation, and 
suspended in M/15 phosphate buffer. 

Exchange Apparatus—-The exchange reaction was observed with two 
types of apparatus, shown in Figs. 1 and 2. 

In the 100 ce. flasks, equipped with spherical joints, shown in Fig. 1, the 
contents of a single Roux bottle were suspended in 25 ec. of buffer and 
shaken with deuterium gas admitted from the storage bulb. Evacuation 
of the apparatus before the admission of deuterium was accomplished 
through the side arms shown. The two flasks were shaken at room tem- 
perature on the same shaft at a frequency of 150 full strokes per minute. 
One flask was generally used as a control. 

In order to insure mixing of the gas in the shaking vessel, the mixing 
column shown in the diagram was used. The mercury reservoir was low- 
ered and raised a few times, in order to expand and mix the gas in the 
system. The mixed gas contained between the stop-cocks of the lock was 
then admitted to the mass spectrometer for analysis. The total pressure 
of the system was decreased by 0.5 per cent by the withdrawal of a single 
aliquot. During the exchange run, no significant changes in pressure were 
noted unless certain reducible or fermentable compounds were added. 

The apparatus shown in Fig. 2 was used for experiments in which the 
concentration of bacteria was relatively dilute, and for experiments which 
required constant temperature control. The oblate spherical vessels em- 
ployed have a capacity of 25 cc. The half time for the exchange reaction 
will be shown later to depend on the volume of the system according to 
Equation 5. 

5 ly = 0.69V/k 


where | is the volume of the system, and the other terms have their con- 
ventional meanings. Reactions will therefore proceed faster in the smaller 
flasks. At all times the total volume of suspension in these flasks was 5 ec. 
Evacuation was accomplished through the side arms shown, and deuterium 
admitted from the storage bulb. The vessels were shaken through a 1 
inch stroke at a frequency of 240 strokes per minute. For analysis the 
flasks were fitted to a ground glass joint on the spectrometer, and the total 
gas content was expanded into a ballast reservoir. Samples from the reser- 
voir were then analyzed. The temperature of the water bath was held 
constant to O.O1 


We are indebted to Dr. Charles N. Frey of The Fleischmann Laboratories for a 


sample of veast concentrate. 
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Preparation of Deuterium Gas—Deuterium gas was prepared by elec. 
trolysis of 99.6 per cent heavy water, and was diluted with tank hydrogen 
to the desired atomic concentration of deuterium. The mixtures were not 
in equilibrium with regard to the reaction H, + D, = 2HD. 

Analyses—Analyses of the gas phase for H,, HD, and D, were carried out 
in a Bleakney type mass spectrometer (5, 6). The deuterium content of 
water samples was measured by the falling drop technique (7). 

Effect of Protein Denaturants on Exchange Reaction—When a washed 
suspension of Proteus vulgaris, suspended in phosphate buffer of pH 7, is 
shaken with heavy hydrogen, the deuterium content of the gas decreases 
with time, as shown in Fig. 3, Curve A. The bacteria lost all catalytic ac- 
tivity when autoclaved, or when dried. Attempts to prepare a dry catalyst 
by treatment of bacteria with cold acetone, or by freezing and drying, failed 
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ic. 3. The rate of the exchange reaction before and after oxygen inactivation. 
Curve A, suspension of Proteus vulgaris shaken with heavy hydrogen; Curve B, with 
oxygen for 24 hours. 

Fig. 4. The effect of pH on the rate of the exchange reaction. 


to yield an active preparation. A layer of toluene over the water surface 
inhibited the rate of exchange by 50 per cent. As the catalyst responsible 
for the promotion of exchange reaction shows properties typical of enzymes 
in general, it is presumably an enzyme or system of enzymes. 

Effect of pH on Exchange Reaction—The effect of pH on the rate of the 
exchange reaction is shown in Fig. 4. The yield of a 24 hour growth of 
Proteus vulgaris from four Roux bottles was centrifuged and washed as 
usual. The bacteria were resuspended in 30 ec. of distilled water, from 
which 5 ce. aliquots were withdrawn. The aliquots were pipetted into 20 
ec. of citrate-phosphate buffer, and the rate of the exchange reaction was 
determined after 30 minute periods. The suspensions were centrifuged at 

‘We assume that the ion intensities are proportional to the concentration of IT», 
HD, and D, in the sample analyzed. 
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the end of the reaction, and the pH of the supernatant was determined by 
glass electrode measurements. 

Effect of Some Enzyme Inhibitors on Exchange Reaction—When added to 
the reacting system through the side arm burette shown in Fig. 1, the follow- 
ing compounds were without effect on the rate of the exchange reaction: 
] per cent fluoride, 2 per cent urethane, 0.001 m iodoacetate, 0.01 M K.S8.0s, 
and 0.08 mM malonate. Aerobic incubation with 10-* m Ag” inhibited the 
exchange reaction by 85 per cent, and similar incubation with 10-? m Ag* 
inhibited the exchange reaction completely. 10~‘m Ag* was without effect. 

Reversible Inactivation of Exchange Reaction—-When a suspension of 
Proteus vulgaris was shaken with oxygen for 24 hours, a partial and re- 
versible inactivation of the exchange reaction occurred; see Fig. 3, Curve 
B. The time necessary to bring about this inactivation was found to de- 
pend on the number of transfers of the bacteria through broth, oxygenation 
time increasing with the number of such transfers. Results were easily 
reproduced, however, when the bacteria were transferred from the stock 
culture, on an agar slant, and passed only once or twice through broth. 
The stock culture was inoculated into a fresh medium once a month. 

Exchange activity was completely restored to the inactivated suspensions 
on the addition of any one of the following organic compounds: glucose, 
pyruvate, formate, fumarate, or succinate. In Fig. 5, Curve B, is shown 
the reactivation brought about by 0.04 m formate. At the point indicated 
by the arrow formate was added. Since the decomposition of formate by 
hydrogenlyase is almost completely inhibited by an atmosphere of hydro- 
gen, the dilution of deuterium by hydrogen evolved from the formate 
should be negligible (1). 

In Fig. 5, Curve C, is shown the reactivation of the exchange by 0.04 m 
pyruvate. With this, unlike the other compounds used to restore activity, 
there was an induction period of about 20 minutes before exchange occurred. 

The effect. of glucose closely resembles that due to fumarate and formate 
(see Fig. 5, Curve A). 

The effect of 0.04 m fumarate is shown in Fig. 6, Curve A. The initial 
part of Curve A shows the slow decline of the deuterium concentration of 
the gas after the bacteria had been oxygenated for 24 hours. On addition 
of fumarate, an immediate increase in the rate of the exchange reaction oc- 
curred. The suspension was again inactivated by oxygenation (Curve B, 
Fig. 6) and was once more reactivated with fumarate. Some of the inacti- 
vation is irreversible, for complete activity was not regenerated. 

The effect of succinate on the activation of the exchange is seen in Curve 
C of Fig. 6. In order to determine whether or not the succinie dehydro- 


5 We have observed a similar effect on a strain of Bacillus coli. Fumarate reacti 


vated the exchange. 
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genase system is involved in succinate activation, the system was made 
0.08 m with malonate before addition of succinate (0.04 m). The malonate 
neither reactivated the enzyme nor inhibited the succinate effect. Since 
malonate is a competitive inhibitor (8), it is possible that, even in the 
presence of malonate, fumarate was formed by dehydrogenation of succin- 
ate in a concentration sufficient for reactivation. 

When oxygen-inactivated suspensions, to which no reactivating sub- 
stance had been added, were shaken with deuterium for comparatively long 
periods of time, restoration of complete exchange activity slowly occurred, 
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Fic. 5. The reactivation of the exchange reaction by glucose, formate, and 
pyruvate. 

Fic. 6. The effect of repeated inactivation by oxygen and reactivation by fumarate 
and succinate. Curve A represents the effect of 0.04 m fumarate after the bacteria 
had been oxygenated 24 hours; Curve B, the suspension again inactivated by oxy- 
genation; Curve C, the system made 0.08 m with malonate before the addition of 
0.04 M succinate. 


Mechanism of Exchange Activation—At least two mechanisms must be 
considered to account for the inactivation of suspensions of Proteus vul- 
garis by treatment with oxygen. Either (1) an intermediate substance, 
necessary for the exchange reaction, is quantitatively removed by oxida- 
tion, or (2) the enzyme responsible for the exchange reaction is oxidized. 
Restoration of the exchange activity by the addition of formate or suc- 
cinate is therefore brought about either by (1) replacement of the removed 
intermediate, or (2) by reduction of the oxidized enzyme. Both mechan- 
isms can conceivably be effective simultaneously. 

In the first part of this paper we have mentioned certain reactions, cata- 
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lyzed by bacteria, which involve the production or fixation of molecular 
hydrogen. All of these reactions, if reversible, with the possible exception 
of Equation 3, should bring about an exchange reaction between water and 
hydrogen. Equation 2, for example, would involve formate or CO, as in- 
termediate. Formate has been found to restore exchange activity to 
oxygen-inactivated suspensions, but the addition of CO, to the gas phase 
does not restore exchange activity in the same time interval. Since the 
exchange reaction is activated by substances other than formate, for ex- 
ample succinate, the place of succinate as a possible intermediate was stud- 
ied as follows: Deuterosuccinic acid containing 47 atom per cent of carbon- 
bound deuterium was shaken with a suspension of Proteus vulgaris in or- 
dinary water against ordinary hydrogen. No deuterium appeared in the 
gas phase in 48 hours. When normal succinic acid, added to a suspension 
of Proteus vulgaris in 23 per cent heavy water, was shaken with ordinary 
hydrogen for 48 hours, the recovered succinic acid contained 2.1 atom per 
cent carbon-bound deuterium. In this case the deuterosuccinic acid might 
have arisen either by synthesis from substrate still retained by the suspen- 
sion, or by exchange. As the concentration of deuterium in the succinic 
acid was less than 10 per cent of that of the water, it may be concluded that 
succinie acid is not a significant exchange intermediate, and that the re- 
activation of the exchange reaction by succinic acid was not due to the 
activity of the succinic acid as an intermediate. In the following discus- 
sion we will present evidence which indicates that the inactivation caused 
by oxygenation can be attributed to oxidation of the enzyme and removal 
of substances which can reduce the enzyme. The restoration of exchange 
activity on the addition of fumarate, succinate, etc., is accomplished by the 
reduction of the inactive, oxidized enzyme to the active, reduced enzyme. 

That the enzyme can exist in an oxidized and a reduced state is indicated 
by the effect of cyanide on the exchange reaction. When a suspension of 
Proteus vulgaris was made 10-* m with cyanide under aerobic conditions, 
the suspension became completely inactive as an exchange catalyst. On 
the other hand, addition of cyanide to the exchanging system (which, of 
course, is operating under anaerobic conditions) in 10-? m concentration 
was without effect on the exchange rate. One may therefore conclude that 
in the presence of oxygen the enzyme responsible for the exchange reaction 
is in the oxidized state, and that under hydrogen, in the presence of suit- 
able reducing agents, the enzyme is in the reduced state. Failure of iron 
porphyrin compounds to combine with cyanide when the iron is present in 
the ferrous state is well known, as, for example in peroxidase and catalase. 

Further evidence that the exchange enzyme probably possesses an iron 
porphyrin prosthetic group has been obtained by studying the influence of 
carbon monoxide on the rate of the exchange reaction. In the dark, addi- 
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tion of 2.5 volumes of carbon monoxide for every 1 of heavy hydrogen 
caused complete inhibition; with equal volumes, 80 per cent inhibition 
occurred in the dark and 55 per cent in the presence of light. 

The reversal of CO inhibition of iron porphyrin-protein enzymes by light 
has been reported in a number of cases, the classic example, of course, being 
that of the respiratory enzyme of Warburg (9). It may also be pointed out 
here that the exchange catalysis is not accompanied by the oscillation of the 
enzyme between the reduced and oxidized state, since, if this were the case, 
the inhibitory effect of cyanide would be detected under anaerobic, as well 
as aerobic, conditions. 

Strong support for the “reduction” hypothesis is supplied by the effeet 
on oxygen-inactivated suspensions of Proteus vulgaris of 0.01 mM hydrosulfite, 
which completely restored exchange activity to these suspensions. 

It is now possible to understand the apparently spontaneous restoration 
of exchange activity of oxygen-inactivated suspensions by prolonged shak- 
ing with deuterium. Even in the absence of reducing substances, there is, 
at the beginning, necessarily an equilibrium concentration of the reduced 
enzyme. It is possible that the formation of additional amounts of re- 
duced enzyme is an autocatalytie process, which eventually produces a 
maximum concentration of active enzyme. 

Allempt to Separate Activity of Hydrogenlyase and Hydrogenase Systems 
The hydrogenase activity of bacteria has been demonstrated by a number 
of methods (10, 11). Stephenson and Stickland used as the criterion the 
rate of reduction of methylene blue in the presence and in the absence of 
hydrogen. The hydrogenlyase system is identified by measuring hydrogen 
output in the presence of formate. In the course of our studies it was found 
that Proteus vulgaris catalyzes both reactions. It therefore seemed neces- 
sary to determine whether or not the exchange reaction could be attributed 
to either of these enzymes or to both. 

In her studies on the presence of the hydrogenase and hydrogenlyase 
systems in bacteria, Stephenson has stated that Bacillus lactis aerogenes 
contains an active hydrogenlyase, but lacks hydrogenase (2). We have 
found that suspensions of B. lactis aerogenes catalyze the exchange reaction 
at a rate comparable to Proteus vulgaris. In agreement with Stephenson’s 
observations, the hydrogenlyase system was found to be present, as shown 
by the evolution from formate of hydrogen (identified in the mass spectrom- 
eter). We also found that dilute suspensions of B. lactis aerogenes fail to 
reduce methylene blue in the presence of hydrogen more rapidly than 
under nitrogen. 

It therefore became necessary to resolve the paradox that though the 
hydrogen is in an activated state (since exchange and reduction of HCOs— 
by H, occurs) it does not reduce methylene blue. The free energy change 
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for the reduction of methylene blue by hydrogen at pH 7 is approximately 
—20 kilocalories, while that for the reduction of bicarbonate ion by hydro- 
gen to formate ion is approximately +750 calories (12). Thermodynami- 
eally the reduction of methylene blue is more readily possible than reduction 
of bicarbonate. Since the oxidation of leucomethylene blue is an un- 
catalyzed reaction, the failure to reduce methylene blue cannot be due to 
the absence of a methylene blue activator. 

Early in our work it was found that thick suspensions of Proteus vulgaris 
reduced methylene blue much more rapidly under hydrogen that under 
nitrogen. If, however, the suspension of bacteria was made sufficiently 
dilute, the reduction of methylene blue under hydrogen failed to take 
place any faster than under nitrogen. 

When the effect of fumarate on the reduction of methylene blue under 
hydrogen was studied, the following results were obtained. 25 ce. flasks 
(shown in Fig. 2) were prepared as follows: 2 ec. of dilute bacterial sus- 


TABLE I 
Effect of Fumarate on Methylene Blue Reduction 


Reduction time 


He + fumarate He alone Nz + fumarate N: alone 
min. min. min. } min. 
Prote ust ulgaris 4 10 30 | 30 
Bacillus lactis aerogenes 6 | 24 30 30 


pension of Proteus vulgaris, 1 ec. of 1:5000 methylene blue, and 2 ce. of 
u/15 phosphate buffer (pH 6.83) were shaken at 37° with hydrogen or 
nitrogen in the presence and in the absence of 0.04 m sodium fumarate. 
The reduction of methylene blue in the presence of hydrogen plus fumarate 
took place in 15 minutes. None of the other systems showed signs of re- 
duction after half an hour. 

However, a 5-fold more concentrated suspension gave the results shown 
in Table I. 

It seems possible that the failure of a dilute bacterial suspension to reduce 
methylene blue under hydrogen is directly due to the lack of sufficient inter- 
mediate hydrogen acceptor essential to the transfer of hydrogen to 
methylene blue. 

Stephenson concluded that Bacillus lactis aerogenes lacks hydrogenase, 
since a suspension of this bacterium failed to take up hydrogen in the pres- 
ence of nitrate as well as in the presence of methylene blue. It seems reason- 
able to expect that the reduction of both nitrate and methylene blue re- 
quires the presence of an intermediate hydrogen acceptor. 
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In the group of bacteria investigated by Stephenson for hydrogenase 
and hydrogenlyase activity, only Bacillus lactis aerogenes was stated to 
contain hydrogenlyase and not hydrogenase. Our results indicate that a 
bacterium which possesses hydrogenlyase activity and not hydrogenase 
activity has yet to be found. 

The activity of suspensions of Bacillus lactis aerogenes and Proteus 
vulgaris is completely inhibited with regard to the exchange reaction and 
the decomposition of formate by 10-* m cyanide, when the cyanide is added 
to the aerobic system before the suspension is tested for the reactions men- 
tioned. It is apparent that we have not obtained any separation of hydro- 
genase from hydrogenlyase as exchange catalysts. 

Effect of Urethane on Methylene Blue Reduction—Heavy suspensions of 
Proteus vulgaris fail to reduce methylene blue under hydrogen when the 
system is made 2 per cent with urethane, which is known to inhibit dehydro- 
genases. The exchange reaction is not inhibited by this concentration of 
urethane. It seems likely, therefore, that the reduction of methylene blue 
by the hydrogenase system is brought about by the addition of the gaseous 
hydrogen with the intervention of another enzyme system, from which the 
hydrogen ion and electron pair, necessary for the reduction of methylene 
blue, are contributed. We distinguish here between the effect of fumarate 
on the restoration of exchange activity to oxygen-inactivated suspensions 
of P. vulgaris, and its effect on the reduction of methylene blue in the pres- 
ence of P. vulgaris and hydrogen. In the first case, the fumarate probably 
supplies the hydrogen necessary to reduce the enzyme responsible for the 
activation of molecular hydrogen. In the second case, fumarate acts as an 
intermediate through which hydrogen is transferred to methylene blue. 
That these two cases are distinguishable is evident from the fact that those 
suspensions which fail to reduce methylene blue in the absence of fumarate 
are nevertheless active with regard to the exchange reaction. 

Kinetics 

Effects of Bacterial Concentration and Temperature—If the concentration 
of a bacterial suspension is increased, a point is reached at which the rate 
of the exchange reaction becomes independent of the bacterial concentra- 
tion (see Fig. 7). The rate-determining step for the exchange reaction 
is then the rate at which the reacting gas diffuses to the catalyst. This 
has been confirmed by establishing the order of the exchange reaction and 
by determining the temperature coefficient of the exchange reaction under 
this condition. When diffusion of the reacting gases to the catalyst is rate- 
determining, the rate depends on the square root of the absolute tem- 
perature, and the kinetics of the reaction are of the first order. That the 
exchange reaction at high bacterial concentrations follows these conditions 
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is shown in Fig. 8, Curve A, and Fig. 9. Fig. 8, Curve A, shows the 
data from such an experiment to follow a first order equation, D= Doe, 
since log Do/D is linear with time. In Fig. 9 the square root of the absolute 
temperature is plotted against the rate constant; there is a linear relation- 
ship. It is therefore necessary, in order to determine rates other than that 
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Fic. 7. Effect of bacterial concentration on the rate of the exchange reaction. 


Fic. 8. The first order nature of the exchange reaction. Curve A, data showing 
that the first order equation D = Dge-* is followed; Curve B, that of Arrhenius. 
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Fic. 9. The effect of temperature on the rate of the exchange reaction when 


diffusion is rate-determining. 
Fic. 10. The effect of temperature on the exchange reaction at low bacterial 


concentration. 


of diffusion, to reduce the concentration of bacteria until another factor 
becomes rate-determining. When this adjustment is made, the kinetics of 
the exchange reaction remain of the first order, but the rate constants and 
the temperatures are related according to the equation of Arrhenius, 
k= A-e "'®", This is shown in Fig. 8, Curve B, and Fig. 10. The energy 
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of activation, calculated from the slope of the straight line obtained in Fig, 
10, is 7.7 kilocalories. 

The kinetics of the exchange reaction between a large excess of heavy 
water and hydrogen gas (with or without deuterium initially present) may 
be accurately represented by the following scheme. 

Consider the removal of the volume element, dv, from the total gas 
volume, V, to the catalyst. Let a fraction, 8, of this volume element come 
to equilibrium with the water on the catalyst. The concentrations of 
H., HD, and D, in the volume, 8dv, will be the equilibrium concentrations, 
(He)., (HD),, and (D-),, the concentrations being expressed in per cent. 
The volume element, dv, is returned to the bulk of the gas, with which it 
now becomes mixed. If X, is the equilibrium concentration ofany one of 
the gas species, H,, HD, or De, and if X; is the concentration of that species 
at time /, then the concentration of X will, after the time interval, dt, be 


(6) VXesae VX, — Xidv + X.8dv + (1 B)N.d 
(7) VdX (XY, — N,)Bdt 


If the rate at which the volume element, dv, is circulated through the cata- 
lyst, is constant, 7.e. if 


(8) dv = kdt 
then 
(9) VdX = (X, — X,)Bkdt 
dX 
(10) -, = Bk/Vdl 
(XY. — X,) 


If 8 and V are constant, 


(11) Bk/V = 2.3/t ie a 
(CX. — Xe) 

where Yois the concentration of X when tiszero. In Fig. 11 are plotted the 
data obtained from a typical experiment in which a large excess of heavy 
water was shaken with normal hydrogen. The linear nature of the curves 
obtained by substituting concentrations of H., HD, and D» in Equation 
ll is good. If 8 is unity, that is, if all of the volume element, dv, is com- 
pletely equilibrated with the water, then for the reaction between a large 
excess of normal water and heavy hydrogen, Equation 11 reduces to 


(12) kb” =23 tlog Xo X; 
for HD and D, and to 


(13) K" 4. 2.3/t log (100 No) /(100 — X 
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for He, since (HD), and (D,), may be set equal to zero, and (Hz,), to 100 
percent. Equation 12 should then describe the decrease in HD during the 
exchange reaction, and the decrease in D2, and Equation 13 should describe 
the increase of Hy. In Table II are shown the concentrations of H:, HD, 
and D, and atom per cent D at various times, during an experiment in 
which heavy hydrogen gas at 470 mm. was shaken with a large excess of 
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Fic. 11. Kinetics of the exchange reaction between a large excess of heavy water 
and normal hydrogen. In Curve A (@), X = Hz; in Curve B (O), X = HD; in 
Curve C (A), X = Dz. 


TasB_e II 
Effect of Pressure on Exchange Reaction 








Pressure Time D H: HD Dz 
mm. min. atom per cent | per cent | per cent per cent 
470 0 17.2 | 80.8 3.88 | 15.3 

15 15.0 83.0 4.13 12.9 
30 12.4 85.5 4.34 | 10.2 
60 8.60 89.3 4.24 6.48 
90 6.21 93.0 3.53 4.44 
121 4.34 94.1 3.05 2.81 

30 0 17.2 80.8 3.88 15.3 
15 12.8 85.8 2.80 | 11.4 

30 9.51 89.2 2.54 §.23 

45 6.45 92.5 2.16 5.36 

60 4.66 94.5 1.77 3.77 

1 1.37 2.52 


75 3.20 96. 


normal water. It will be seen that there is a period during which the 
concentration of HD in the gas increases. The assumption that equilibra- 
tion between the entire volume of the gas brought to the catalyst and the 
water is complete is therefore incorrect, since if this were so, the concentra- 
tion of HD would steadily decline. 

In Table II is shown also the change in the concentration of the hydro- 
gens with time, when the pressure of the gas is 30 mm. In Fig. 12 the 
values of log (HD) /(HD); obtained from Table II are plotted against 
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time. The data fit Equation 12 fairly well. It therefore appears that 
only at low pressures does the quantity, 8, approach unity. In Fig. 13 is 
plotted the decrease in atom per cent D with time at the two pressures, 30 
and 470 mm. It will be observed that the rate of the exchange reaction is 
faster at the low pressure. 

The increase and subsequent decrease of HD at 470 mm. in the experi- 
ment recorded in Table II may be explained as follows: There exist two 


0.5 


of 18; 


2; OF : 
re) ae 10! ‘% 470 mm 
SS 


z= - Q 
y- f x 7, 4 tts, A 
oll Wi $ ™ 
VA 2 
o) 30 60 90 ° 30 60 90 120 
Cince tm metmutes time im minutes 
Fig. 12 Fig. 13 


Fic. 12. The first order nature of the disappearance of HD during the exchange 
reaction between a large excess of normal water and heavy hydrogen when P = 30 


mm. of Hg 
Fig. 13. The rate of the exchange reaction between a large excess of normal water 
and heavy hydrogen for P = 30 mm. of Hg and P = 470 mm. of Hg 


possibilities to account for the formation of HD in this experiment: (1) 


direct reaction between He and Dz to give 2HD, and (2) by the reaction 


14 D. + HO = HD + HDO 


The almost complete disappearance of HD from the gas phase is then 


brought about by the reaction 
15 HD + H.O = H,+ HDO 


If, at high pressure, the reaction of Equation 14 is not followed directly by 
that of Equation 15, that is, if the molecule of HD formed in Equation L4 
does not make a collision with unbound enzyme, required for the comple- 
tion of the reaction of Equation 15, HD appears in the gas phase. As the 
concentration of | y decreases, the formation of HD also decreases, and HD 
disappears according to Equation 15. 

It is also possible that reaction between D». and Hz, will also give rise to 
IID. In this ease also, as the concentration of D. decreases, the [LD formed 
disappears according to Kquation L5. 

\t low pressures the rate of the exchange reaction is faster than at high 


pressures. The possibility therefore of both reactions (Hquations 14 and 
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15) going to completion is increased, since the concentration of enzyme not 
bound to the hydrogens is greater than at high pressures. 

Because the exchange reaction proceeds faster at low pressure than at 
high, the concentration of HD for the two experiments, is, for purposes of 
comparison, better represented as a function of the total atomic concentra- 
tion of deuterium, than as a function of time. It is then possible to com- 
pare HD concentrations at the two pressures point for point. This is 
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Fig. 14. The effect of pressure on the formation of HD during the exchange re- 
action between a large excess of normal water and heavy hydrogen. 

Fic. 15. The kinetics of the exchange reaction when a large excess of heavy water 
is shaken against heavy hydrogen containing the equilibrium concentration of D. 
In Curve A, X = Hz; in Curve B, X = HD;in Curve C, X = Dz. 

Fig. 16. The kineties of the exchange reaction for HD when a large excess of heavy 
water is shaken against heavy hydrogen containing the equilibrium concentration 
of D 


shown in Fig. 14, in which the increase and decrease of HD at 470 mm. are 
evident. In order to determine the effect of pressure on the reaction 


16 H, + D, = 2HD 


the following experiment was carried out. When a bacterial suspension 
in a large amount of heavy water is shaken with deuterium gas containing 
that atomic concentration of deuterium which is in equilibrium with the 
water, the concentration of deuterium atoms in the gas and in the water 
remains constant. If, however, the concentrations of H., HD, and D,. 
in this gas mixture are not in equilibrium, there is a shift in concentration 
of the hydrogens until they are ultimately present in equilibrium concen- 
trations. We have found that the data obtained from such an experiment 
fit Equation 11. This is shown in Fig. 15. 

When the effect of pressure on the rate of formation of HD is studied, 
it is found that the rate of formation of HD increases with low pressures, 
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just as does the exchange rate in the experiment previously described, 
This is shown in Fig. 16 in which the concentration of HD formed in 63 
minutes is plotted against pressure. If the formation of HD at high 
pressure were due to the reaction represented by Equation 16, the effeet 
of a decrease in pressure would be to decrease the rate of formation of HD, 
since the rate of a bimolecular reaction is proportional to the product of 
the concentration of the reactants. The results shown in Fig. 16 indicate 
that the formation of HD takes place primarily through the reaction 
described in Equation 14. 
SUMMARY 

The results obtained from the experiments described may be summarized 
as follows: 

1. The activity of the enzyme responsible for the exchange reaction be- 
tween water and hydrogen is reversibly inhibited by oxygenation. There 
is evidence that this inactivation is caused by oxidation of a heavy metal 
in the enzyme. This and other findings suggest that the enzyme respon- 
sible for the exchange reaction is probably an iron porphyrin-protein 
complex. 

2. The reactivation of the exchange reaction probably occurs by reduction 
of the oxidized enzyme by biological reducing agents. 

3. The activities of two enzymes which may be responsible for the ex- 
change reaction, hvdrogenase and hydrogenlyase, were not separable. 

!. The reduction of methylene blue by hydrogen may be inhibited by 
urethane, without effect on the exchange reaction. 

5. The rate-determining step of the exchange reaction between water 
and hydrogen, catalyzed by low concentrations of Proteus vulgaris, is the 
rate of chemical reaction between water and hydrogen. 

6. At high bacterial concentrations, the rate-determining step becomes 
the rate at which hydrogen diffuses to the enzyme. 

7. The effect of increased pressure on the exchange reaction is to bring 
about a diminution in the concentration of unbound enzyme, and the 
rate decreases with increase in pressure. 

8. The reaction H,. + D. = 2HD does not take place toa significant 
extent. 
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A STUDY OF THE ACTION OF PANCREATIC AMYLASE, II 


By JOHN E. LITTLE anv M. L. CALDWELL 


(From the Department of Chemistry, Columbia University, New York) 
(Received for publication, November 6, 1942) 


A study of the influence of a number of reagents upon the action of 
pancreatic amylase (1) has shown that the primary amino groups of the 
enzyme protein molecule are essential to the activities of this amylase. 
The work reported here with nitrous acid extends and strengthens this 
finding and shows more conclusively that the phenolic tyrosine groups of 
the molecule are not concerned with its amylase activity. 

Nitrous acid is especially well suited to such an investigation. It reacts 
with the free amino and with the free tyrosine phenolic groups of native 
proteins in certain specific ways (2) without disrupting the molecule as a 
whole (3), and these reactions may easily be followed (2-4) and are readily 
distinguished from one another (3, 5). The reactions with the primary 
and with the secondary amino groups are both of the third order, and both 
become second order in the presence of excess nitrous acid (5). The reac- 
tion of nitrous acid with the tyrosine phenolic groups of proteins, on the 
other hand, is of the second order and becomes first order in the presence 
of excess nitrous acid (3). Moreover, the reactions of nitrous acid with the 
primary and secondary amino groups of proteins are much more rapid than 
that with their tyrosine phenolic groups (5). 

The final diazo compound which results from the action of nitrous acid 
upon the phenolic group of tyrosine has a yellow color. This makes it 
possible readily to follow the reaction by the measurement of the increase 
in the absorption of light. This is carried out at a wave-length of 411.5 
mu (3). Furthermore, it has been shown by Philpot and Small (3) that 
the presence of a peptide link involving the amino group of tyrosine makes 
no difference in the rate of the reaction of the tyrosine phenolic groups 
with nitrous acid. These authors found that the rate and order of the 
reaction for the loss of the activity of pepsin, upon treatment with nitrous 
acid under certain closely defined conditions, were exactly the same as 
those of the reaction of nitrous acid with free tyrosine or with a-bromo- 
propionyltyrosine, under the same conditions. These findings were used 
by Evans and his coworkers (6) in their work with the hormone which 
stimulates pigeon crop formation. They have also been helpful in the 
study and interpretation of the results obtained here for the influence of 
nitrous acid upon the activity of pancreatic amylase. 
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EXPERIMENTAL 


Treatment with Nitrous Acid—After a number of preliminary experi- 
ments, the following procedure was adopted for the treatment of the 
amylase with nitrous acid. Purified pancreatic amylase (7) was dis- 
solved at 0° in an aqueous solution at pH 4.6 in the presence of 0.5 y 
acetate, 0.02 mM phosphate, and 0.04 m sodium chloride. The phosphate 
and chloride were added to aid in the stability of the enzyme (8). An 
aliquot of this solution was diluted with an equal volume of cold water 
and held in an ice bath in the dark (7) as a control. Another aliquot was 
treated with an equal volume of 2 m sodium nitrite. This was kept in the 
ice bath in the dark and samples were withdrawn at the intervals noted, 
diluted, and adjusted to pH 7.1 for activity measurements. For this, 
equal volumes of these solutions reacted for 30 minutes at 40° with 1 per 
cent soluble potato starch at pH 7.1 (8), and the resulting reaction mix- 
tures were measured for reducing value (9), which was calculated in terms 
of maltose. All activities were compared with that of the corresponding 
untreated control solution which had been held under exactly the same 
conditions but without addition of nitrite. 

The rate and the order of the reaction for the loss of the saccharogeniec 
activity of the amylase upon treatment with nitrous acid were determined 
and compared with those for the formation of the diazo compound from 
pure tyrosine under identical conditions by use of a Coleman double 
monochrometer spectrophotometer, model 10S. It was not possible to 
follow the rate of formation of the diazo compound in the enzyme solution 
itself, as this was slightly turbid and the treatment with the nitrous acid 
caused a precipitate to form which interfered with the absorption measure- 


ments. 
Results 


Typical results with the enzyme solutions and with solutions of pure 
tyrosine are given in Tables I and IT. 

A study of these data shows that the rate and the order of the inactiva- 
tion reaction of the amylase are very different from those for the action of 
nitrous acid with the phenolic groups of tyrosine, under the same con- 
ditions. The rate of the inactivation of the amylase by nitrous acid is 
much more rapid than that of the reaction of nitrous acid with tyrosine, 
and is probably more nearly of the magnitude of the rate of the reaction 
between amino groups and nitrous acid (5). 

Moreover, when the reciprocals of the fractions of the original amylase 
activity which remain at any time, listed in the last column of Table I, 
are plotted against the time of reaction, a straight line is obtained. This 
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Inactivation of Pancreatic Amylase by Nitrous Acid 





Reaction time jon seen ae > Pa mn nt 
mixture remaining 
min meg. S = | 

0) 6.55 6550 1.000 
24 5.78 5780 0.882 | 
5 4.77 4770 0.728 | 
10 4.00 4000 0.609 
15 3.23 3230 0.493 

20 2.89 2890 0.441 

25 2.47 2470 0.377 

30 2.21 2210 0.337 

30 (Control) 6.38 6380 0.974 

d (s/s) sia . 

k = ().0657; half life = 14.3 minutes. 


di(minutes 


TABLE II 


Rate of Reaction of Nitrous Acid with Tyrosine 


Reaction time 


at 411 my 


Per cent transmission Log 100 minus log per 
cent transmission 


min 
0 100.0 0.0000 
50 100.0 0.0000 
00 97.7 0.0101 
150 90.6 0.0429 
240 SU .4 0.0947 
390 67.2 0.1726 
190 60.7 0.2168 
730 18.0 0.3188 
790 45.6 0.3410 
1395 33.2 0.4789 
1590 30.9 0.5100 
1750 29.3 0.5331 
2045 26.7 0.5735 
2795 23.4 0.6308 
3230 22.3 0.6517 
$235 21.2 0.6737 
20 20.9 0.6799 


d log (T, To) 
dt (minutes) 


* 


= 0.000413; half life 


(log 100 — log % transmission) 


0.6799 


Fraction of 
tyrosine remaining* 


1.0000 
1.0000 
0.9849 
0.9369 
0.8607 
0.7461 
0.6811 
0.5311 
0.4985 
0.2956 
0.2499 
0.2159 
0.1565 
0.07221 
0.04148 
0.00912 
0.00000 


790 minutes. 
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Log of fraction of 
tyrosine remaining 


0 

0 
—0.0066 
—0.0283 
—0.0652 
—0.1272 
—0.1668 
—(0.2748 
—0.3023 
—0.5293 
—0.6022 
—0.6658 
—0.8055 
—1.1414 
— 1.3822 
— 2.0400 














232 PANCREATIC AMYLASE. II 


shows that the inactivation of the amylase by nitrous acid is of the second 
order and that in this respect also it resembles the reaction of nitrous acid 
with amino groups (5). On the other hand, when the logarithms of the 
fractions of tyrosine which remain at any time, given in the last colump 
of Table II, are plotted against the time of reaction, the straight line whieh 
results shows that the reaction of tyrosine with nitrous acid under the same 
conditions is of the first order for times up to 1750 minutes (3). 

If the widely different rate constants and half life times, which are listed 
below the tables are also taken into consideration, it is obvious that the 
inactivation of this enzyme by nitrous acid cannot be due to a reaction 
with the tyrosine of the protein but is probably caused by reaction with its 
free amino groups. This latter conclusion is strengthened by the finding, 
reported elsewhere (1), of a close correlation between the loss of the activity 
of the amylase and the loss of its amino nitrogen upon acetylation with 
ketene. 


SUMMARY 


The influence of nitrous acid upon the saccharogenic activity of pan- 
creatic amylase has been studied. 

The results show that the rate and the order of the inactivation reaction 
of the amylase are very different from those for the action of nitrous acid 
with the phenolic groups of tyrosine. They give additional evidence that 
the activity of this enzyme is intimately connected with the free primary 
amino groups of the intact protein molecule. 
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THE ULTRAVIOLET ABSORPTION OF VITAMIN K, AND THE 
EFFECT OF LIGHT ON THE VITAMIN 


By D. T. EWING, F. 8. TOMKINS, anp OLIVER KAMM 


(From the Chemistry Department, Michigan State College, East Lansing, and the Research 
Laboratories of Parke, Davis and Company, Detroit) 


(Received for publication, September 12, 1942) 


The relationship between chemical structure and ultraviolet absorption 
spectra is nowhere illustrated better than in the study of vitamin K and 
related compounds. One generalization which we presented in a previous 
publication (1), namely that the vitamin K absorption curve presents a 
summation of the benzenoid and the quinoid components of the di- 
substituted naphthoquinone molecule, recently has been extended by Morton 
and Earlam (2) to the anthraquinone series. 

We now have made a more complete study of the vitamin K, absorption 
curve, using not only the vitamin isolated from natural sources, but also 
several specimens of the synthetic product. The main objects of the work 
were to check the identity of the natural and synthetic products and to 
determine whether the absorption curve, and especially the absorption 
coefficient at \ 249 mu, could be used as a measure of purity of the vitamin. 
It was hoped also that the results of this detailed study might clear up the 
controversy between Karrer (3, 4) and Doisy (5, 6) regarding the absorption 
coefficients of the pure vitamin. Obviously, in order to contribute to this 
question it was necessary to reinvestigate the complete structure of the 
absorption curve and to study the influence of light and other factors such 
as the presence of acetic acid which sometimes is added as a stabilizer. 


Apparatus and Materials 


The samples of vitamin K,, both natural and synthetic, used in this 
investigation were prepared by Doisy and his associates at the St. Louis 
University School of Medicine. They were examined with a Bausch and 
Lomb medium quartz spectrograph and ultraviolet sector photometer, 
with a Hilger No. H-698 hydrogen discharge tube as the source of continu- 
ous ultraviolet light. 

The hexane used as the solvent in this study was the Eastman Practical 
grade, which was purified and redistilled. The purification process con- 
sisted of five to ten shakings with 10 per cent fuming sulfuric acid, two 
washings with 10 per cent NasCOs solution, prolonged shaking with 5 per 
cent KMnQ,-10 per cent NasCO; solution, fifteen to twenty washings with 
distilled water, drying for 24 hours over calcium oxide, and distillation 
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twice over freshly fused caleium chloride. The purified hexane boiled 
at 64.5-65° and its absorption spectrum between \ 200 and 800 mu did not 
show the presence of impurities. 

The source of irradiation for the study of the effect of ultraviolet light 
on the vitamin consisted of a General Electric No. H-4 mercury are lamp, 
a condensing lens, a Cenco ultraviolet transmitting filter, and a Ceneo 
infra-red absorbing filter. This combination transmitted only the 365.5 
and 366.3 my lines of mercury. 

Bausch and Lomb 10 mm. absorption cells with detachable quartz ends 
and monel metal fittings were selected for this investigation. The spectra 
were recorded on Eastman No. 40 plates, processed 5 minutes in Eastman 
developer, formula No. D-19. 

EXPERIMENTAL 

Specimens of the vitamin weighing between 1 and 2 mg. were dissolved 
in sufficient hexane to give a 0.0025 per cent concentration on the weight- 
volume basis. Since in earlier work a trace of glacial acetic acid had been 
added to all specimens of the vitamin for preserving purposes and a ques- 
tion had arisen as to whether or not the acetic acid was affecting the ab- 
sorption and should be removed, measurements were made both in the 
presence and absence of acetic acid to disclose this effect if present. It was 
found that the presence of acetic acid in amount equal to the weight of the 
vitamin had no noticeable influence on the absorption curve. 

In our study of the effect of ultraviolet light on the vitamin, the hexane 
solution was placed directly in the absorption cell and the spectrum of the 
unirradiated sample determined. The cell containing the solution was 
then exposed to the ultraviolet light generated as described above, at a 
distance of 30 cm., for a definite length of time, after which the cell was 
removed to the spectrograph and the absorption spectrum again deter- 
mined. With this procedure, a single sample served for a complete 
run, and errors involved in transferring volatile hexane solutions from one 
container to another were eliminated. 

After samples of each solution were measured, they were placed in tightly 
stoppered flasks, weighed, and stored in the dark. The procedure was 
repeated with these samples from time to time to determine whether or not 
the vitamin decomposed upon standing in the dark. 

Fig. 1 presents the detailed structure of the absorption curve of the 
natural vitamin, and Fig. 2 that of the synthetic product. It will be 
noticed that the curves are essentially identical. They differ from the 
curves previously published (1) in that they show a new maximum at 
\ 239 mu and a minimum at \ 240 mu. In both cases the highest maximum 
is found at \ 249 mu and has an extinction coefficient of 438. ‘The extine- 
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tion coefficients of the many samples of vitamin Kj, both natural and 
synthetic, which we have evaluated during the course of these investiga- 
tions indicate that the EF |... of the pure vitamin is 435 + 5. This value 
js in good agreement with that of 425, which we previously reported for 
the synthetic product ((1) p. 356). We feel that this value more accurately 
represents the extinction coefficient than that of 540 which we reported in 
the same publication ((1) p. 347, Fig. 1). 
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Fic. 1. Absorption curve of natural vitamin K, in hexane 


It is known that vitamin K;, is affected by light with loss of physiological 
activity and modification of the absorption spectrum. No systematic 
study of the effect of light has been reported and little or nothing is known 
concerning the chemical change that occurs in the structure of the vitamin 
when exposed to light. Accordingly, we have made a study of the progres- 
sive changes that oecur when hexane solutions of the vitamin in a quartz 
container are exposed to ultraviolet light over definite time intervals. 

Fig. 3 shows nine absorption curves for a sample of natural vitamin K, 
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in hexane solution, in the absence of acetic acid, which was exposed to 
\ 365.5 and 366.3 my lines of mercury radiation, readings being taken at 
0, 15, 30, 45, 60, 90, 135, 195, and 255 minutes, respectively. It will be 


noted that the exposure produces a gradual lowering of the maxima at 


\ 239, 243, 249, 260, and 269 muy, and a less pronounced decrease in the 


maximum at \ 325 mu, indicating a gradual decomposition of the vitamin, 
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Fig. 2. Absorption curve of synthetic vitamin K, in hexane 


Fig. 4 shows a similar set of curves for a sample of synthetic vitamin Kj, 
containing a small amount of acetic acid, determined under identical con- 
ditions as those illustrated in Fig. 3. The curves are essentially the same 
except for a slight stabilizing effect of the acetic acid during the first few 
exposures. 

In both of the above eases, the initial effect is most pronounced on the 
maxima at \ 260 and 269 mu, which we previously have shown to be as- 
sociated with the quinone structure ((1) p. 350). It follows, therefore, 
that the point of attack is through the quinone grouping. In Figs. 3 
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and 4 it is interesting to note that the nine curves intersect at approximately 
\ 277 mu, and that less definite isoextinction coefficient points occur at 
\ 230 mu and \ 305 mu. 

No attempt was made to correct for the effect of exposure of the sample 
to ultraviolet light from the hydrogen discharge tube during the exposure 
of the plate, because a series of runs made for the purpose showed that the 
effect of this light was negligible. 
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Fig. 3. Absorption curves showing the effect of ultraviolet radiations on natural 
vitamin K, in hexane. The readings for the curves, in numerical order as indicated, 
were taken at 0, 15, 30, 45, 60, 90, 135, 195, and 255 minutes. 


MacCorquodale, Binkley, et al. (7) report that vitamin Ky, is unstable 
when exposed to light, and curves were presented in our previous article 
showing the deterioration of the absorption curves of samples of vitamins 
K; and K, when exposed to diffuse daylight. In order to determine, if 
possible, the wave-lengths or wave-length of light causing this decomposi- 
tion, samples of vitamin K; were exposed to various wave-length regions 
from infra-red to ultraviolet. The results are shown in Table I. 
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TABLE I 
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195, and 255 minutes. 





Absorption curves showing the effect of ultraviolet radiations on synthetic 
The readings for the curves, in numerical order as indicated, 
15, 60, 96, 135, 


Effect of Various Radiations on Vitamin K, 


Source of radiation Filters used Time Effect 
Nernst glower None 3 hrs. Slight decomposition 
- ” Zeiss No: R-30 : 


Tungsten filament lamp 


Wratten A 


45 min. 


No effect 


B 415 
C 15 
Hg are Cenco ultraviolet-trans- 15 Decomposition 
mitting + Cenco infra 
red-absorbing 
Diffuse daylight None 2 hrs. 











These data show that light radiations between \ 400 and 800 my have 
no appreciable effect on the vitamin. The slight decomposition shown in 


the case of the Nernst glower with no filter was probably due to the ultra- 
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violet light present in the radiation from the incandescent filament of the 
glower. Thus, the decomposition reported earlier as being due to the 
effect of visible light probably was due to the small amount of ultraviolet 
light present in diffuse daylight. 

We reported previously that vitamin K, was unstable in hexane solution 
in the dark. However, using specially purified hexane, we now can report 
that vitamin K, in dilute hexane solution is stable for periods up to 5 
months when stored in the dark at room temperature. 


DISCUSSION 


Since Karrer and Doisy first began publication on vitamin Kj, there has 
been a discrepancy between the two laboratories concerning the correct 
value for Ej gy, at X 249 mu. In their first publication Dam et al. (8) 
gave a value of 280 and McKee et al. (5) a value of 385. In subsequent 
publications Karrer (3, 4) has claimed that his vitamin preparation was 
pure and that 280 was the correct value for the extinction coefficient. In 
an effort to discern the cause of the discrepancy, we have made numerous 
measurements on both natural and synthetic vitamin K, samples which 
were prepared and supplied to us by Dr. Doisy. We find that E{%,. at 
\ 249 my is 4385 + 5 (log F,, = 4.29). This value is in good agreement 
with values reported by D. M. Bowen (9) (log E,, = 4.24 to 4.27) (in al- 
coholic solution) and T. J. Webb (9) (log E,, = 4.26) (alcoholic solution). 
We believe that this is the correct value for either pure natural or syn- 
thetic vitamin Kk, in hexane solution. 

Of particular interest in connection with the controversy between the 
two laboratories is the fact that both groups agree on the values for E}”,, 
for vitamin K, (1, 4) and for the diacetate of dihydrovitamin K, (log 2, = 
4.93) (1, 4). 

The close agreement of our results with those of other laboratories leaves 
Karrer’s low values for E)2, for vitamin K, unexplained. From a struc- 
tural point of view the chief difference between vitamin K, and vitamin K, 
is the size of the side chain in the 3 position. Since the side chain in each 
case is aliphatic and contains no conjugated double bonds, the absorption 
spectra for the two compounds would be expected to be quite similar. If 
the absorption is due to the naphthoquinone portion of the molecule and 
is not influenced by the size of the aliphatic side chain in the 3 position, the 
Ején. values for the two vitamins should be inversely proportional to 
their molecular weights and the log Z,, values should be equal. The same 
reasoning holds true for the diacetates of vitamins K,; and Ky. Actually 
this is the case. The log Z,, values for vitamins K,; and Ky are 4.27 and 
4.29 respectively, and the values for the corresponding diacetates are 4.93 
and 4.93. It is significant that the molar extinction coefficients obtained 
for vitamins K, and Ky agree well with values obtained by Tishler e¢ al. (9) 
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for three crystalline 2,3-dialkyl-1,4-naphthoquinones. ‘These quantita- 
tive relationships are good evidence in support of the correctness of our 
values. 

A comparison of the absorption curves previously published by us (1), 
as well as those now presented, with that illustrated in the article by Dam 
et al. (8) suggests that there might be a proportionate discrepancy between 
the heights of the respective extinction coefficients at \ 249 mu and \ 325 
mu. As a matter of fact, the discrepancy is not serious. Karrer’s curve 
was plotted as log E}%,. versus wave-length, which tends to enhance the 
\ 325 mu maximum, and was compared in this form with our curve which 
was plotted as E}%,. versus wave-length. This latter method shows better 
the fine structure in the region \ 239 mu to \ 270 my, but gives a less pro- 
nounced maximum at \ 325 mu. 

An examination of the absorption curves showing the effect of ultraviolet 
light on solutions of vitamin K, gives a certain amount of information as 
to the actual chemical change involved. We have stated in the experi- 
mental part of this paper that the point of attack probably is through the 
quinone grouping, and may add that the \ 325 my maximum which we 
previously associated with the ring structure changes more slowly than the 
rest of the curve. 

2-Methyl-1 ,4-naphthoquinone upon exposure to light for long periods 
of time is decolorized and forms a polymer of known structure (10). It 
is possible that a similar reaction occurs when vitamin Kk, is exposed to 
light. 


SUMMARY 


1. A more careful examination of the absorption curve of vitamin Kk, 
shows the presence of a new maximum at A 239 mu. 

2. The E}’,. of pure vitamin K, at \ 249 my is 435 + 5. 

3. Vitamin K, in hexane solution is stable upon standing in the dark 
at room temperature for as long as 5 months. 

4. Vitamin K, in hexane solution is decomposed rapidly by the action 
of ultraviolet light, while visible and infra-red radiations have no effect. 
The point of attack probably is through the quinone group. 

5. The presence of acetic acid has no noticeable effect on the absorption | 
curve. 

6. On the basis of the absorption values reported by Dam, Geiger, 
Glavind, Karrer, Karrer, Rothschild, and Salomon, their product appears 
to have been 60 to 80 per cent pure. 
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According to Wood and Werkman (1-3), carbon dioxide enters the 
metabolic processes in heterotrophic organisms in conformity with the 
following empirical equation. 


(1) CO, + CH,COCOOH = COOHCH,COCOOH 


Krampitz and Werkman (4) have obtained an enzyme from Micrococcus 
lysodeikticus, which decarboxylates oxalacetate to pyruvate, and have 
indicated their belief that the same enzyme is responsible for fixation of 
C(O». Their attempts to demonstrate the carboxylation of pyruvate to 
oxalacetate were unsuccessful, but it was recognized that the possibility 
of carboxylation was not excluded, since the equilibrium of the reaction 
may be far to the side of decarboxylation and the quantities of oxalacetate 
formed may be too small for detection. Alternatively, as stated by 
Wood et al. (3), a phosphorylated form of pyruvate, rather than pyruvate 
as such, may be the active metabolic compound in the carboxylation 
reaction. 

The purpose of this communication is to report the results of experi- 
ments on enzymatic and non-enzymatic exchanges of C"O, with the car- 
boxy! groups of oxalacetate in Reaction 1 and with the carboxyl groups of 
other acids in Reactions 2 to 5. 

2) CH,COCOOH + O — CH,COOH + CO, 
CH,CHOHCOOH + 0 ——> CH,cocooH + H,0 —*2. 
CH;COOH + CO, + HO 


COOHCH:CHCOOH + O — COOHCH,.COCOOH — 
(4) 
CH;COCOOH + CO, 
(5) COOHCH,.CH.COCOOH + O — COOHCH,CH.COOH + CO, 


The authors consider any exchange reaction with carbon dioxide in- 
volving the formation of a carbon-to-carbon linkage to be a fixation reac- 
*Journal Paper No. J-1025 of the Iowa Agricultural Experiment Station, 
Project 746. 
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tion. Wood and Werkman (1) have proposed that the usual mechanism 
of heterotrophic fixation of CO. oceurs by Cs; and C, addition, Any 
exchange of carbon dioxide with any other than a 4-carbon compound 
would indicate the existing proposal to be incomplete in that other mech- 
anisms of fixation have been neglected. 

Krebs and Eggleston (5), from indirect evidence with pigeon liver ex- 
periments, have considered Reaction 1 as adequately demonstrated, It 
is obvious that the acceleration of pyruvate dissimilation or the obtaining 
of larger quantities of succinate in the presence of bicarbonate is not rigid 
proof of the reaction. 

Evans (6) employed yeast carboxylase and found no exchange of 
C"O, with pyruvate. Ruben and Kamen (7) have considered this 
same reaction to be irreversible; however, Carson, Ruben, Kamen, 
and Foster (8) have recently stated that a very small amount of C"O, 
is utilized by carboxylase preparations in the presence of acetaldehyde 
and pyruvic acid. Other than these reports, there is no information re- 
garding exchange of carbon dioxide in reactions involving cleavage of a 
carbon-to-carbon linkage. 


Methods 


In general the reactions were conducted in the presence of NaHCO, 
until approximately one-half of the original substrate remained. The 
residual substrate was degraded and the C™ content of the fragments de- 
termined on the mass spectrometer (Nier (9)). 

Enzyme preparations of Micrococcus lysodeikticus were prepared accord- 
ing to Krampitz and Werkman (4). Acetone-treated cells decarboxylate 
oxalacetate to pyruvate and CO, and oxidatively decarboxylate pyruvate 
to acetate and CO». Cells deficient in Mg** and cocarboxylase do not de- 
carboxylate either oxalacetate or pyruvate; however, the addition of Mg** 
restores the ability to decarboxylate oxalacetate, whereas the addition of 
cocarboxylase and Mg** is required for the decarboxylation of pyruvate. 

NaHCO; was prepared from C™QO, obtained from methane whose 
C8 content had been increased in a thermal diffusion column according to 
Nier and Bardeen (10). 

The exchange reactions were conducted in 125 ml. Erlenmeyer flasks 
with two side arms, which were attached to Warburg-Barcroft manometers. 
300 mg. of the acetone preparation were used in each flask. The concen- 
tration of the oxalacetic acid was 0.053 m and that of all other acids was 
0.026 mM. Tach acid was adjusted to pH 7.0 before addition. The mix- 
ture was buffered with 0.021 mM phosphate, pH 6.6, and 0.05 m NaHC™Q3. 
Appropriate concentrations of the two buffers were placed in the side arms 

of the flask and mixed with the enzyme preparations and substrate after 
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temperature equilibrium (30.4°) had been reached. The approximate pH 
of the resulting mixture was 7.2, and the volume was 30 ml. Owing to 
the instability of oxalacetate to acid reactions and the length of time re- 
quired for analyses, the concentration of this acid was doubled so that 
substantial quantities remained for analysis. At the conclusion of the 
reaction (cf. Tables I and II) the enzyme preparation was rapidly cen- 
trifuged off and analyses were made on the supernatant liquid. 

Because of the instability of oxalacetate to acidification and heat, the 
residual C™O. was not removed by boiling and aeration. Preliminary 
experiments conducted at room temperature with the phosphate-bicar- 
bonate buffer mixture and oxalacetate proved that on acidification to 
Congo red the COs is quantitatively removed from solution by aeration 
through a sintered glass disk for 15 minutes. 

In the experiments the solution was acidified and aerated for 15 minutes, 
then 0.75 mm of NaHCO; was added and the aeration was repeated. 
The use of a CO,» rinse insured that no C"O, remained to interfere subse- 
quently with the isotope determination of the carboxyl carbons. The 
(8 content of the CO, from this normal bicarbonate rinse was deter- 
mined and compared with the C™ concentration of the acid analyzed. 
The values in parentheses in Table I give the C™ content of the rinse. 

The aeration was conducted in a 20 X 5em. Pyrex tube. Arrangements 
were made for the addition of the necessary reagents during the course of 
aeration. ‘The CO» was collected in 20 ml. of 1.5 N carbonate-free NaOH 
in a bead tower. In all experiments except those which first required 
ether extraction, the mixture was centrifuged and the supernatant liquid 
was used. 

The oxalacetate in the resulting CO,-free medium was degraded by the 
two following methods. 

Aniline-Citrate Method (Edson (11))—In this method CO, originates 
from the carboxyl adjacent to the methylene group of oxalacetate. This 
carbon dioxide was collected and its C™ content determined. The other 
carboxyl carbon is linked with aniline as pyruvanilide. 

Acid and Heat Decarboxylation—When oxalacetate is made acid to 
Congo red with H.SO, and boiled for 30 minutes, it is quantitatively 
decarboxylated to pyruvate and carbon dioxide. This CO: originates 
from the carboxy! group adjacent to the methylene group. The advantage 
of this method is that the resulting pyruvate can be oxidized with ceric 
sulfate at room temperature to acetic acid and carbon dioxide (Fromageot 
and Desnuelle (12)). The COs originates from the carboxyl] group of 
pyruvate. In this way carbon atoms in the two carboxyl groups of the 
oxalacetate can be separated for the C® determination. 

In the experiment in which a-ketoglutarate was the substrate (Reaction 
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5) the residual a-ketoglutarate was degraded with KMnO, (Wood et al. (3)), 
The products of this oxidation are succinate and carbon dioxide. The 
carbon dioxide which originates from the carboxy] adjacent to the carbony] 
group was collected and the C™ content determined. ' 

When lactate was used as the substrate (Reaction 3), the residual lae- 
tate and the oxidation product, pyruvate, were separated by continuous 
ether extraction after addition of bisulfite. The ether extract contained 
the lactic acid. The pyruvate-bisulfite complex in the residue was decom- 
posed by boiling and the extraction repeated to recover the pyruvic acid, 
The carboxyl group of the lactic acid was decarboxylated by KMn0, 
oxidation (Friedemann and Kendall (13)), and that of the pyruvie aeid 
by ceric sulfate oxidation. 


EXPERIMENTAL 


Experiments shown in Table I, Column 3, were conducted with oxalace- 
tate and NaHCO; in the absence of enzyme. The extent of exchange of 
carbon dioxide occurring during this spontaneous decarboxylation was 
measured as a standard for comparison with the enzymatic exchange. 
The results show that there may be a very slow rate of exchange between 
carbon dioxide and the carboxyl group adjacent to the methylene group. 
However, the C™ percentage, 1.13, with the aniline-citrate method and 
1.12 with the acid-heat method, is only slightly above the normal of 1.09 
and lies almost within the limits of error of the mass spectrometer (+2 
per cent). The C® value of the rinse was nearly normal, showing that the 
CQ, was practically completely removed. It should be emphasized 
that the time of these experiments was much longer (210 minutes) than 
that of the experiments with the enzyme preparation so as to allow ap- 
proximately the same amount of decarboxylation. The C™ content of the 
carboxyl group adjacent to the carbonyl group is normal. 

Swendseid ef al. (14) have shown that the natural abundance of C® in 
animal tissues averages lower than that in normal NaHCOs;. Because of 
this variation there is some question as to the C™ value which should be 
used as the standard in judging whether a compound contains fixed COs. 
Therefore the C™ content was measured in oxalacetate obtained from ex- 
periments in which there was enzymatic exchange with normal NaHCO; 
and was found to be (Table I, Column 4) comparable to that in normal 
NaHCQ;; 7.c., 1.09 per cent. Apparently there was no detectable differ- 
entiation of the isotopes of carbon, as seemed to have occurred in the ani- 
mal experiments of Swendseid et al. All of the C™ values given are the 
average of several experiments. ‘The results in Column 4 were used as the 
standard in judging whether fixation of C™ had occurred in the oxalacetate. 

Experiments conducted with the acetone-enzyme preparation, oxalace- 
tate, and phosphate-bicarbonate buffer mixture show a very significant 
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carbon dioxide exchange. The carboxyl group adjacent to the methylene 
group contained 1.29 per cent C'* (acid-heat method, Table I, Column 5), a 
value 18.3 per cent above the normal C complement of 1.09 per cent. 
By the aniline-citrate method the value was found to be 1.23 per cent. 
The C™ concentration of the NaHCO; rinse was 1.12 per cent, showing 
definitely that the residual NaHCO; was not interfering with the car- 
boxyl carbon determination. These results show that there is a rapid 
rate of exchange in the presence of the enzyme in contrast to the insignifi- 
cant exchange in the absence of the enzyme. 


TABLE I 
Exchange of Heavy Carbon Dioxide in Carboryl Groups of Oxalacetate during Enzymatic 
and Non-Enzymatic Decarboxylation 
The C™ concentration of the original bicarbonate was 9 per cent. The bold-faced 
figures represent C'’ values when exchange has taken place. The values enclosed in 
parentheses are the C™ contents of the rinse. All readings are measured in per 


cent Cl, 
Enzymatic decarboxylation 
, Spontaneous 
Group to which 7" P ‘ 1. Acetone 
saan group ee b manage prep- Acetone Mag**-deficient Deficient 
is adjacent th arraat C3Qeadded 2ration, preparation, preparation, preporation + 
——— 1 eie., 20 min., 60 min., Mg**, 20 min., 
C802 C®O: added C02 added C802 added 
added 
(1) 2 3 (4) 5) (6) (7) 
Methylene Aniline- 1.13 (1.12) 1.10 | 1.23 (1.13) 1.16 (1.09) 1.26 (1.11) 
citrate 
" Acid-heat 1.12(1.11) 1.10 1.29 (1.12) 1.16 (1.12) | 1.26 (1.08) 
Carbonyl Ceric 1.11 1.09 1.11 1.08 1.11 
sulfate 


The C™ concentration of the carboxyl group adjacent to the carbonyl 
group was 1.11 per cent, indicating that no exchange had taken place in 
this position. 

As reported by Krampitz and Werkman (4) Mg** but neither thiamine 
nor cocarboxylase was required for the decarboxylation of oxalacetate. 
The Mg*+-deficient preparation was employed with oxalacetate and the 
buffer mixture (Table I, Column 6). The C™ concentration of the carboxyl 
group adjacent to the methylene group was 1.16 per cent, as determined by 
both the aniline-citrate and acid-heat methods of decarboxylation. This 
small fixation of C™ indicates that there was a slow exchange which may 
have been due to incomplete removal of the magnesium ions. The car- 
boxyl group adjacent to the carbonyl group had a C™ concentration of 1.08 
per cent, indicating that no exchange had taken place. 

When Mg*+ was supplied to the deficient preparation, exchange took 
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place as evidenced by the 1.26 per cent of C® in the carboxy] group adjacent 
to the methylene group (Table I, Column 7). This concentration was 
15.6 per cent above the normal complement of C™, by both methods of 
analysis. The carboxyl adjacent to the carbonyl group had a C® eop- 
centration of 1.11 per cent, again indicating no exchange. 

The deficient preparation plus Mg** decarboxylates oxalacetate com- 
pletely to pyruvate and carbon dioxide; 7.e., no oxalacetate remains as 
determined by the aniline-citrate method. However, when fumarate is 
oxidized by this same preparation, some oxalacetate remains, as determined 
by the aniline-citrate method. Apparently the oxalacetate that is pro- 
duced by fumarate oxidation differs from that synthesized in the labora- 
tory. The decarboxylation of the physiological oxalacetate may be re- 
versible to such an extent that a detectable quantity of oxalacetate remains, 
whereas with oxalacetate, as synthesized in the laboratory, no such equilib- 


Taste II 
Exchange of Heavy Carbon Dioxide in Carboryl Groups 
The C™® concentration of the original bicarbonate in Column 1 was 7 per cent; 
in all others, 9 per cent. All readings are measured in per cent C*. 


Oxalacetate 
a-Ketoglutarate, 


from fumarate), a . 
carboxyl group Pyruvate carboxyl, | Lactate carboxyl, Py npenen enany I, carboxyl! group 
adjacent to 90 min. 210 min euidation. 210 min adjacent to carbonyl 
methylene group, — be ‘ group, 210 min. 
60 min. 
1) 2 3) 4 5) 
1.47* 1.12 1.12 1.12 1.11 


* C8 value when exchange has taken place. 


rium occurs. In order to study the exchange reaction with this physiologi- 
cal oxalacetate, oxidation of fumarate was carried out in the presence of 
NaHC®O,; (Table II, Column 1). The oxalacetate produced from fu- 
marate was decarboxylated with aniline-citrate. The C™ content of this 
carboxyl group was 1.47 per cent, or 34.8 per cent above the normal com- 
plement. The original NaHC™O,; in this experiment was prepared from 
7 per cent CQ., while in all other experiments reported 9 per cent C™O2 
was used. The amount of exchange was greater than in those experiments 
in which synthesized oxalacetate was employed. This indicates that 
exchange is greatly facilitated by the physiological oxalacetate. 

The acetone preparation oxidizes pyruvate to acetate and carbon diox- 
ide. A determination as to whether an exchange occurs during this reac- 
tion was made under conditions similar to those of the other experiments. 
The concentration of C™ in the carboxyl group of the pyruvate was 1.12 
per cent (Table II, Column 2). Apparently there was little or no ex- 
change of COs. 
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As was stated previously, pyruvate as such may not be the physiologi- 
cally active compound concerned in the fixation reaction, and since oxalace- 
tate enzymatically derived from the oxidation of fumarate gives a higher 
exchange value than synthesized oxalacetate, it was considered possible 
that pyruvate derived from lactate oxidation would bring about an ap- 
preciable exchange. The acetone preparation oxidizes lactate to pyru- 
vate, acetate, and carbon dioxide. The accumulation of pyruvate sug- 
gests either that its oxidation is slower than that of lactate or that bio- 
logical pyruvate is formed with which the decarboxylation is reversible. 
In the latter case the pyruvate would never be completely oxidized. The 
oxidation of lactate was carried out in the presence of NaHCO; until 
pyruvate accumulated in determinable quantities (210 minutes). The 
C8 concentration of the carboxyl group of the pyruvate was 1.12 per cent 
(Table II, Column 4) and that of the carboxyl group of the residual lac- 
tate was 1.12 per cent, These results show that no substantial exchange 
occurred. The decarboxylation of lactate or pyruvate derived from the 
lactate is irreversible or at least largely so. 

There was no fixation of C™ in the carboxyl group adjacent to the car- 
bony! group of a-ketoglutarate when it was oxidized by the enzyme (Table 
II, Column 5). 

DISCUSSION 

These experiments were designed to determine whether or not enzymatic 
and non-enzymatic exchange of C™O, occurs with the carboxyl groups of 
keto acids. 

During the spontaneous decarboxylation of oxalacetate no appreciable 
exchange occurs. ‘This indicates that the spontaneous reaction is irre- 
versible. If the small C™ concentrations indicate reversibility, the rate of 
carboxylation is extremely slow. In the presence of the enzyme the rate 
of exchange in oxalacetate is fairly rapid. That there is no exchange, or 
very little, in the carboxyl group adjacent to the carbonyl group, is ex- 
tremely interesting in view of the results of Slade et al. (15, 16) and Wood 
etal. (3). The former, working with several species of heterotrophic bac- 
teria, and the latter with pigeon liver observed the presence of fixed carbon 
dioxide in the carboxyl group of lactic acid. Assuming that the fixation 
occurred by Reaction 1, these authors gave two alternatives to account 
for the fixed carbon in lactic acid: (a) the reduction of oxalacetate to a 
symmetrical molecule, from which the lactate was eventually obtained; 
(b) a suggestion made by Meyerhof (17) wherein the non-enzymatic shift- 
ing of OH and H in enol oxalacetate would cause the carboxyl groups to 
lose their orientation with respect to the original carbonyl and methylene 
groups. The reaction may be represented as follows: 


C®OQOOH-COH:CH-COOH = C*OOH-CH:COH-COOH 
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Accordingly the oxalacetate would have fixed C™O, in both carboxy] 
groups, and the occurrence of C"™ in the lactic acid would be easily ex- 
plained. The present experiments do not lend support to this mechanism, 
since exchange was found to occur only in the carboxyl group adjacent 
to the methylene group. There is the possibility that the shift of the 
enolic hydroxyl group may be catalyzed by an enzyme not present in the 
acetone-treated cells. 

Since significant exchange can occur only enzymatically, it is evident 
that exchange will occur only in those molecules of oxalacetate which are 
in contact with the enzyme, and are decarboxylated, and then carboxy- 
lated. All other molecules of oxalacetate will dilute those in which ex- 
change has taken place, since their C™ concentration will be normal. 
This explanation would account for the low C™ concentration in the car- 
boxyl group as compared to the bicarbonate. The actual degree of ex- 
change in the molecules making contact with the enzyme probably would 
be much greater than the results indicate. 

When fumarate was oxidized in the presence of NaHC™O, (Table II, 
Column 1), the resulting oxalacetate had a greater C™ value than when 
exchange was measured with synthesized oxalacetate (Table I). Two 
possibilities may be suggested to explain this greater exchange: (1) A 
greater proportion of the oxalacetate molecules obtained from fumarate 
oxidation was in intimate association with the carboxylating enzyme. 
This would imply that the fumarate (malate) dehydrogenase is in close 
proximity to the carboxylating enzyme, thereby insuring contact with the 
latter enzyme. (2) The oxalacetate obtained from fumarate oxidation 
is of a different form than that synthesized in the laboratory. ‘The latter 
explanation appears to be the more likely, since the synthesized oxalacetate 
is completely decarboxylated to pyruvate and carbon dioxide, whereas an 
equilibrium apparently is established with that obtained from fumarate 
oxidation. 

Krampitz, Utter, and Werkman (18) have found that phosphate ae- 
celerates the oxidation of fumarate by Micrococcus lysodeikticus. It is 
possible that the oxidation occurs in the manner proposed by Lipmann (19). 


The reactions are 


HH H H 
(6) COOH-C:C-COOH + H,PO, _+ COOH-C-C-COOH 
Fumaric acid H O(PO,H:) 
phosphomalie acid 
HH 
7) COOH C.C- COOH - © > COOH-C:C-COOH + H,O 
H O(PO,H,) H O(PO,H,) 


phosphooxalacetic acid 
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The phosphooxalacetate may be the physiological compound with which 
exchange occurs more abundantly. One would expect the phosphooxalace- 
tate to have properties similar to phosphopyruvate but no phosphate 
fractions with such properties have been obtained from this oxidation. 

Solomon et al. (20) have shown that C™O, is fixed during glycogen syn- 
thesis from lactate in rat liver. These authors have proposed that this 
synthesis occurs by the reversible reactions of the Embden-Meyerhof- 
Parnas scheme of carbohydrate dissimilation. Since the phosphopyruvate 
+ adenylic acid — pyruvate + adenosine triphosphate reaction in this 
scheme has not been found reversible, they have proposed the synthesis 
of oxalacetic acid via the fixation reaction (4). The oxalacetate is reduced 
to fumarate which undergoes Reactions 6 and 7. The phosphooxalacetate 
is decarboxylated to phosphopyruvate and carbon dioxide. The attain- 
ment of the symmetrical fumarate molecule accounts for the fixed carbon 
in the glycogen. 

There is evidence that the utilization reaction requires phosphate; 
however, the phosphorylation mechanism may be similar to that proposed 
by Negelein and Brémel (21) for 1,3-diphosphoglyceraldehyde. In this 
ease the phosphoric acid would add to the carbonyl group of pyruvie acid 
and the CO» would react with the resulting compound as follows: 


HO H OH 
8) HC-C-COOH + 1,P0, ——> HC-C-.COOH 
H H O(POsH:) 
Ht OH H OW 
(9) CoO | HC-C- COOH > COOH-C-C-COOH 
H O(PO,H.) H O(PO,H,) 


The latter compound becomes phosphooxalacetate (enolic) upon removal 
of H.O from the a- and 8-carbon atoms. The necessity of phosphate in 
the fixation reaction could thus be explained and phosphopyruvie acid 
would not be an essential constituent of the reaction. If on the other hand 
phosphopyruvie acid is found to be essential in the fixation reaction, the 
mechanism of Solomon ef al. for glycogen synthesis will have to be revised, 
for under such conditions the fixation reaction could not be the source of 
phosphopyruvate for glycogen synthesis. Work is now in progress to 
determine the phosphate requirements for the exchange reaction, and also 
whether phosphopyruvate will bring about the carboxylation reaction. 
The negative exchange result obtained during the oxidative decarboxy- 
lation of pyruvate is not altogether unexpected, since there was no exchange 
in the carboxyl group adjacent to the carbonyl group in oxalacetate. 
Ferdman and Epstein (22) have reported the necessity of phosphate for 
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lactate oxidation; consequently the pyruvate resulting from this oxidation 
may be phosphorylated and thus be capable of being carboxylated. No 
oxalacetate could be detected, however, after lactate oxidation and in 
addition the pyruvate did not exhibit an ability to exchange COo, further- 
ing the evidence against a C, and C, addition hypothesis. 

Wood et al. (3) have found CO, fixed in the carboxy] group adjacent to 
the carbonyl group of a-ketoglutarie acid formed during the dissimilation 
of pyruvic acid with pigeon liver. They have proposed that the carbon is 
initially fixed by 3- and 1l-carbon addition and that the a-ketoglutarate is 
derived from the oxalacetate by the Krebs cycle. That the fixed carbon 
probably did not arise by the carboxylation of succinic acid is borne out by 
the negative exchange values observed in the present investigation of the 
oxidation of a-ketoglutarate to succinate and carbon dioxide. 


SUMMARY 


The exchange of C"O, with the carboxyl groups of oxalacetic acid dur- 
ing spontaneous decarboxylation was found to be insignificant. The 
exchange, however, significantly increased during the enzymatic decar- 
boxylation of the acid. The exchange occurred exclusively in the carboxyl 
group adjacent to the methylene group. 

Evidence is presented to show that a dynamic equilibrium involving a 
shift of the hydroxyl of enol oxalacetate does not occur. Ovxalacetate 
derived from fumarate oxidation gave high exchange values. No ex- 
change occurred during the oxidative decarboxylation of pyruvate or a- 
ketoglutarate, nor did pyruvate derived from lactate oxidation give ex- 
change. These results are further evidence of the validity of the fixation 
reaction as proposed by Wood and Werkman. 
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LETTERS TO THE EDITORS 





ACIDOSIS AND DECREASED URINE FLOW IN THE RABBIT 
DURING GRAVITY SHOCK 


Sirs: 


When rabbits are held vertically with their heads up, they become 
unconscious, or nearly so, just before respiratory failure, a condition which 
has been called gravity shock. If returned to the horizontal position at 
that time, 75 per cent of them recover completely. The other 25 per cent 
die within 12 hours, even though their posture, respiratory rate, and gene- 
ral behavior were normal during most of that time. 

Studies on the heart blood of thirty rabbits before and after gravity 
shock have revealed in the shocked animals a severe acidosis (pH 6.85 to 
7.10), acapnia (50 to 70 per cent decrease in CO.), marked increases in 
lactic and pyruvie acids (100 and 20 per cent), and an unusual phospha- 
temia (150 per cent increase above normal). Simultaneously the urine 
flow steadily declined to zero. After return to the horizontal position 
urine flow, in the animals which recovered, gradually increased to the 
normal rate within a few hours, and the urine showed a significant increase 
in phosphate content. The pH of the blood also returned to normal in 
the same time. 

These facts are interpreted to mean that hanging of the rabbit reduces 
blood flow through the peripheral tissues of the posterior regions, causing 
an oligemic anoxia of those tissues. Lactic, pyruvic, and phosphoric 
acids, therefore, appear in the blood and increase its acidity, while the 
carbon dioxide content decreases. When the pH has decreased suffi- 
ciently, the formation of urine is stopped, so that the excretion of all 
substances which are sustaining factors in shock is prevented. Unless the 
animal can resume urine formation after return to the horizontal position 
and thus rid the blood of the harmful substances, it will die. 

The study of this condition is being extended and a full report of the 
findings will be made later. 
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XANTHOPTERIN IN THE TREATMENT OF LEUCOPENIA AND 

WEIGHT LOSS IN RATS FED SUCCINYLSULFATHIAZOLE 
Sirs: 

Preliminary unpublished data! have indicated that xanthopterin (the 
fish anemia factor)? is capable of alleviating the blood changes in nutri- 
tional cytopenia in the monkey, but the evidence is not vet conclusive that 
xanthopterin is identical with ‘‘vitamin M.” The similarity of the 
syndromes in the monkey® and in succinylsulfathiazole-treated rats‘ led us 
to believe that xanthopterin might overcome the deficiency in the latter 
species also. The changes produced in the rat were prevented or cured 
by treatment with whole liver or liver fractions,‘ some of which have also 
been found to be active in the prevention of vitamin M deficiency in the 
monkey.* Likewise ‘folic acid’? has been found to be at least partially 
effective in overcoming the deficiency produced by feeding succinylsulfa- 
thiazole... In a single experiment by Wilson ef al. it was reported that a 
folic acid concentrate raised the leucocyte count of a vitamin M-deficient 
monkey.® 

In this note we wish to report the effectiveness of xanthopterin in al- 
leviating the leucopenia and counteracting the growth inhibition produced 
by succinylsulfathiazole. 

Rats 25 days old from our stock colony were used. The basal ration 
had the following percentage composition: sucrose 74, casein 18, cotton- 
seed oil 3, salts’ 2, cod liver oil 2, and succinylsulfathiazole® 1. The B 
vitamins were fed daily in supplement dishes at the following levels: 
thiamine chloride 50 y, riboflavin 34 y, pyridoxine 20 y, calcium panto- 
thenate 100 y, and nicotinamide 200 y. After 5 weeks, at which time 
growth had ceased, 0.05 ec. of a biotin concentrate (S. M. A., No. 1000) 
was included in the vitamin supplements of all animals. 20 y of xanthop- 
terin daily were given at this time to six of the eleven experimental ani- 


! Totter, J. R., Shukers, C. F., Kolson, J., Mims, V., and Day, P. L., unpublished 
experiments. 
? Simmons, R. W., and Norris, E. R., J. Biol. Chem., 140, 679 (1941). 
Day, P. L., Langston, W. C., Darby, W. J., Wahlin, J. G., and Mims, V., J. 
Exp. Med., 72, 463 (1940). 
‘Spicer, 8. S8., Daft, F. 8., Sebrell, W. H., and Ashburn, L. L., Pub. Health Rep., 
U.S. P. H. S., 61, 1559 (1942). 
Nielsen, E., and Elvehjem, C. A., J. Biol. Chem., 145, 713 (1942). 
® Wilson, H. E., Doan, C. A., Saslaw, 8., and Schwab, J. L., Proc. Soc. Exp. Biol, 
and Med., 60, 341 (1942). 
7 Hubbell, R. B., Mendel, L. B., and Wakeman, A. J., J. Nuiritton, 14, 273 (1937). 
> Succinylsulfathiazole was kindly supplied by Sharpe and Dohme, Inc., Glen- 
olden, Pennsylvania. 
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mals. The xanthopterin used was synthesized by a modification of the 
Purrmann method® developed at this laboratory. 

The five control animals receiving biotin showed a slight growth response 
followed by a continued loss of weight, while those receiving both biotin 
and xanthopterin showed an immediate weight gain and a pronounced leu- 
cocyte response. The average white cell count after 5 days of xanthop- 
terin therapy was 9400 white cells per e.mm., while in the control group 
the average was only 3420 per c.mm. 

If the deficiency produced by succinylsulfathiazole is of a specific nature, 
then it seems probable that the “folic acid”’ concentrates used by Nielsen 
and Elvehjem® contained xanthopterin or some closely allied substance. 
The possibility that folic acid is identical with xanthopterin should not be 
overlooked. On the other hand, this substance may not be the only one 
involved in protection against succinylsulfathiazole. Preliminary studies 
indicate that the distribution of white blood cells is not normal after 
xanthopterin therapy and that normal growth is not fully restored ; whether 
these results should be interpreted as showing the lack of other essential 
substances or whether they indicate an injurious action of the drug is not 
vet clear. 
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THE EXCRETION OF PREGNANEDIOL FOLLOWING THE 
ADMINISTRATION OF DESOXYCORTICOSTERONE ACETATE 
TO RABBITS* 


Sirs: 

Cuyler et al.’ reported that a healthy man excreted 29 and 16 mg. of 
sodium pregnanediol glucuronide after receiving intramuscularly a total 
of 25 and 50 mg., respectively, of desoxycorticosterone acetate. These 
authors were unable to confirm their original observation in three other 
men,? or to demonstrate any clear cut augmentation in the excretion of 
sodium pregnanediol glucuronide in a group of women receiving desoxy- 
corticosterone acetate.’ Because of these conflicting observations we were 
led to reinvestigate the possible conversion of desoxycorticosterone to 
pregnanediol. 

The rabbit was chosen as the test animal, since this species, which nor- 
mally does not excrete detectable amounts of pregnanediol, excretes 
pregnanediol glucuronide after the administration of progesterone.' 
Crystalline desoxycorticosterone acetate dissolved in oil was injected 
subcutaneously in amounts varying from 225 to 930 mg. over a period of 
| to 10 days to each of eight adult rabbits. The urine collected during 
the injection period and for the succeeding 3 days was extracted daily 
The combined butanol extracts were examined by 
Venning’s method. The results are shown in the table. 

In each instance a precipitate, indistinguishable from sodium pregnane- 
diol glucuronide as to method of isolation and melting point, was obtained. 
Conclusive identification was established by the isolation of pregnanediol 
from the acid hydrolysates of the precipitates isolated in Experiments 2 
and 6. Hydrolysis of 100 mg. of the precipitate from Experiment 2 
yielded 38 mg. of a product melting at 220—225° which, after chromato- . 
graphic analysis and two crystallizations, melted at 235-236° and at 


with butyl alcohol. 


* The authors are indebted to Dr. E. Schwenk of the Schering Corporation for 
the desoxycorticosterone used in these experiments and to Mrs. D. Jewitt of Ayerst, 
McKenna and Harrison, Ltd., for the microanalyses. 
'Cuyler, W. WK., Ashley, C., and Hamblen, E. C., Endocrinology, 27, 177 (1940). 
?Cuyler, W. K., Hirst, D. C., Powers, J. M., and Hamblen, E. C., J. Clin. Endo- 
crinology, 2, 373 (1942). 
Hamblen, fk. C., Cuvler, W. K., Pattee, C. J., 
28, 306 (1941 
‘Hleard, RD. UL, Bauld, W.S., and Hoffman, M. M., J. Biol. Chem., 141, 709 
1941). Hoffman, M.M., and Browne, J.S. L., Federation Proc., 1, pt. 2, 41 (1942). 
Hoffman, M. M., Canad. Med. Assn. J., 47, 424 (1942). 
Venning, Bf. H., J. Biol. Chem., 126, 595 (1988). 
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236-237° on admixture with authentic pregnane-3(a@) ,20(a)-diol. Found, 
C 78.77, H 11.42; caleulated for CoHyeO2, C 78.75, H 11.25. Thus 546 
to 14.6 per cent of the desoxycorticosterone injected was excreted as 
pregnanediol. The extent of this interconversion is of the same order 
as that previously demonstrated for the conversion of progesterone to 


pregnanediol in the rabbit.‘ 


Desoxycorticosterone Pregnanedio! glucuronic P 
Experi acetate administered isolated Desoxycorticos- 
ment lest animal terone con- 
No verted to 
. Period of , pregnanediol 
Amount Weight M.p ' 
njection 
lay me meg ( per cent 
1 M 3 1S2 35.2 254-257 5.7 
2 - 3 930 140 259-263 10.5 
3 5 225 18.2 262-267 5.6 
i | 270 18.4 254-260 12.5 
5 10 345 38.4 264-268 7.7 
6 F. Isolated 3 160 65.3 256-261 9.8 
7 “ Pregnant 3 500 63.3 264-267 8.8 
Ss " = 3 520 109.1 258-262 14.6 


Under certain circumstances part of the pregnanediol in human urine 
may originate from the adrenal cortex. In view of the above results it 
seems likely that pregnanediol of adrenal origin might arise not only from 
progesterone,’ but also from desoxycorticosterone, which has also been 


isolated from the adrenal cortex.§ 
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THE STATE OF PANTOTHENIC ACID IN BLOOD 


Sirs: 

Stanbery, Snell, and Spies,! by employing slight modifications in tech- 
nique, have successfully applied the microbiological assay method for 
pantothenic acid of Pennington, Snell, and Williams? to the determination 
of pantothenic acid in blood. They reported that normal human blood 
contains between 0.19 and 0.32 y of pantothenic acid per cc. (average, 
0.225 y per ec.). These results have been confirmed by others* when 
Lactobacillus casei «€ was used as the test organism. However, Pelezar 
and Porter in assaying clarified blood for pantothenic acid, by a method 
depending on the essential nature of pantothenic acid for Proteus morganii, 
found human blood to contain only 0.032 to 0.099 y of pantothenic acid 
per ce. An explanation for this apparent discrepancy is believed to be 
found in the results of the following experiments shown in the table. 

In keeping with the experience of others, we found whole blood or plasma 
of various species (human, rabbit, and dog) to contain 0.15 to 0.35 y of 
pantothenic acid per ce. when assayed by the method of Pennington et al. 
Protein-free filtrates of whole blood prepared with tungstic acid (Folin-Wu 
procedure) or zine hydroxide (Somogyi) were found to contain an amount 
of pantothenic acid equivalent to 0.030 to 0.070 y per ec. of original blood. 
Pantothenic acid, when added to whole blood and determined with or 
without protein precipitation, or when added to blood filtrates, could be 
quantitatively recovered. The low assay results with blood filtrates are 
therefore not due to adsorption of pantothenic acid. When unheated 
whole blood or plasma was added aseptically to tubes of sterile medium 
and then inoculated with Lactobacillus casei, acid production indicated an 
amount of pantothenic acid corresponding to 0.030 to 0.050 y per ce. 
Assay of the blood or plasma after heat sterilization in the usual manner 
gave values of 0.15 to 0.30 y of pantothenic acid per ce. 

These results are believed to demonstrate the existence in blood of 
pantothenic acid in at least two states. The major portion exists in a 
“combined” state and is precipitable by protein precipitants. When 
blood or plasma is assayed without heat treatment Lactobacillus casei 

1 Stanbery, 8. R., Snell, E. E., and Spies, T. D., J. Biol. Chem., 136, 353 (1940). 

? Pennington, D., Snell, E. E., and Williams, R. J., J. Biol. Chem., 136, 213 (1940). 

* Pearson, P. B., J. Biol. Chem., 140, 423 (1941). Strong, F. M., Feeney, R. E., 
and Earle, A., Ind. and Eng. Chem., Anal. Ed., 13, 566 (1941). 

* Pelezar, M. J., and Porter, J. R., Proc. Soc. Exp. Biol. and Med., 47, 3 (1941). 
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_ | Re 
Pantothenic! of a 
acid found | pantothenic 
acid 


Material assayed Heat treatment 


a 


7 per cc. | per cent 
Whole blood Autoctaved | 0.20 
Plasma . 0.21 
Folin-Wu filtrate 0.028* 
Somogyi filtrate 0.030* 
Whole blood Autoclaved 0.41 
Folin-Wu filtrate 0.070* 
- ” + added pantothenic 
acid (0.01 y per ec. filtrate) 
Whole blood + added pantothenic acid 
(0.1 y per ec. blood) followed by Folin- 
Wu pptn. 
Whole blood Autoclaved | 0.23 
| Folin-Wu filtrate 0.038* 
Whole blood + added pantothenic acid 
(0.1 y per cc. blood) followed by Folin- 
Wu pptn. at once 
Same, but pptd. after 48 hrs. at room 
temperature 
Whole blood Autoclaved 0.15 
? = Unheated 0.073 
Folin-Wu filtrate 0.066* 
Plasma Autoclaved | 0.32 
- Unheated 0.034 


* Calculated on the basis of the original blood. 


responds only to the ‘‘free’’ pantothenic acid present. Heat sterilization 
renders the ‘‘combined”’ pantothenic acid available to this organism. 
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